A Systematic Study on Bulk Heterojunction Solar Cells from PQT-12 by PARDHASARADHI VEMULAMADA
A SYSTEMATIC STUDY ON BULK HETEROJUNCTION 























A THESIS SUBMITTED 
 
FOR THE DEGREE OF MASTER OF ENGINEERING 
  
DEPARTMENT OF MATERIALS SCIENCE & 
ENGINEERING 
 





I would like to use this opportunity to express my sincere gratitude to my 
supervisors, A/P Gong Hao and Dr. Alan Sellinger, for their help and encouragement for 
this project. I sincerely appreciate the amount of time they provided for the countless 
discussions in spite of their busy schedule during the course of this project. I am grateful 
to Thomas Keitzke for his support and motivation in times of need. I would also like to 
acknowledge the contribution of Dr. Yellesiri Bhatah Kumar Reddy for providing CdS 
films and powders as part of overall project. I would also like to thank my group mates 
Hu Guangxia, Bhupendra Kumar for helping me in the initial days of the project. I thank 
the technical staff of the department of Materials Science and Engineering for their 
continuous technical support. All facilities and technical support provided by the Institute 
of Materials Research and Engineering (IMRE) are highly appreciated. I would like to 
thank National University of Singapore (NUS) for their financial support during my 
tenure as graduate student and for the wonderful working environment without which 
would not have been possible. 
I am highly indebted to my Parents for all their affection and support without 
which I could not have completed this work successfully. 





Summary      ……………………………………………………………………………...v 
List of Tables      …………………………………………………………….………….vii 
List of Figures   ……………………………………………………….……………….viii 
List of Publications     ……………………………………….…………………...……xiv 
Chapter 1 Introduction       ……………………………………………………………..1 
1.1 Solar Energy …………………………………………………………………2 
1.2 Solar cells ……………………………………………………………………3 
1.3 Organic solar cells …………………………………………………………...4 
1.3.1 Organic semiconductors …………….…………………………...5 
1.3.2 Organic solar cells working principle …………………………....6 
1.3.3 Device architecture  ...……………………………………..........10 
1.4 Outline of the thesis       ..………………………..……………………...…15 
References ………………..………………………………………….………....17 
Chapter 2 Experimental ………………….……………………………………………26 
2.1 Solar cell device preparation ……..………………………………………..26 
2.1.1 Spin coating …………………………………………………...28 
2.1.2 Preparation of CdS layers and nanoparticles …...….……….....29 
2.1.3 Thermal evaporation …………………………………...……...31 
2.2 Device and thin films characterization techniques …………………….......33 
2.2.1 Characterization of the bulk heterojunction solar cells ………..33 
2.2.2 X-Ray Diffraction (XRD) ………………………………...…...36 
 iii
2.2.3 Optical absorption ......................................................................38 
2.2.4 Scanning Electron Microscopy (SEM). ...……………...….......40 
2.2.5 Atomic force microscope (AFM) ……………………...………41 
2.2.6 Photoluminescence ………………………………………….…43 
References ……………….…………………………………………………….45 
Chapter 3 Effect of composition and solvent on the as-deposited device                              
performance……………………………………………………………………………..47 
3.1 Introduction ………………………………………………………………..47 
3.2 Results and Discussion ……………………………………………………48 
3.2.1 Materials selection for the preparation of solar cells …….......48 
3.2.2 Effect of the blending ratio    .…………………………….....52 
3.2.2.1 Solar cell performance ………………………………52 
3.2.2.2 Optical properties of the blend films ………………..56 
3.2.3 Effect of solvent selection …………………………………...61 
3.2.3.1 Solar cell performance ………………………………61 
3.2.3.2 Optical properties of the blend films ………………..65 
3.2.3.3 Atomic force microscopy studies …………………....69 
3.2.3.4 Optical microscopy studies …….…………………....71 
3.3 Summary and conclusions ………………………………………………...73 
References ……………………………………………………………………..75 
Chapter 4 Effect of processing parameters and the use of an inorganic acceptor on 
device performance ………………………………………………………………….78 
4.1 Introduction ………………………………………………………………..78 
 iv
4.2 Results and Discussion ………….………………………………………...79 
4.2.1 Differential scanning calorimetry (DSC) analysis ……….….79 
4.2.2 Effect of annealing on different blend compositions …….….82 
4.2.2.1 Solar cell performance …………………………..…..82 
4.2.2.2 Optical properties of the blend films …………..……84  
4.2.2.3 Atomic force microscopy studies  ..…………...……..90 
4.2.2.4 X-ray diffraction (XRD) studies  … …………...……94 
4.2.3 Effect of spinning speed  …..……………………...………....98 
4.2.4 Inorganic acceptor approach  ..…………………..………....102 
4.2.4.1 Device architecture  ..………………………...…….102 
4.2.4.2 Solar cell performance  ...…………………...……...103 
4.3 Summary and conclusions ………………………...………………...…..110 
References  ..……………………………………………………………….....112 
Chapter 5 Summary and scope for future works  .....……………………………….....114 
5.1 Summary   .……………………………………………………………….114 










Organic photovoltaics (OPV) have become an exciting area of technology for academia, 
government research laboratories and industry due to their potential for low cost, new 
application areas, light weight and large area solar cell devices. From a materials 
perspective, in the OPV area of technology both small molecules and polymers are 
currently the preferred candidates. The use of small-molecules requires vacuum 
deposition techniques involving expensive equipment, a limitation to device size, and the 
potential for complication at high volume using masking technologies. Polymers are 
generally of lower purity than small molecules but can access larger device sizes at much 
lower costs using solution-based deposition techniques such as dip, spin and spray 
coating, and ink jet and screen printing. Blends of regio-regular poly(3,3’’’-didodecyl 
quaterthiophene) (PQT-12) with (6,6)-phenyl-C71-butyric acid methyl ester (C70PCBM) 
were investigated as active layers for application in organic photovoltaics (OPV). Since 
both materials are used together for the first time to our knowledge, a detailed study on 
the optimum composition ratio for as-deposited devices was first performed. Effect of 
composition on the performance of bulk heterojunction solar cells made from blend films 
of regio-regular-PQT-12 and C70PCBM was studied using Absorption spectra, 
Photoluminescence, Atomic force microscopy and X-ray diffraction studies. For 
optimizing the as-deposited device performance, solvents with different boiling points 
were studied and the blend devices prepared from chlorobenzene showed better 
performance compared to other solvents. Better performance of the devices prepared 
from chloroform was explained on the basis of nano-morphology. The effect of thermal 
 vi
annealing on the performance of bulk heterojunction solar cells made from blend films of 
(PQT-12) with (C70PCBM) was also reported. By careful control of the PQT-
12:C70PCBM composition ratio, solvent selection, spinning speed and annealing 
temperatures, power conversion efficiency (PCE) of 1.4% could be obtained, even though 
this is the first effort in employing PQT-12:C70PCBM for a solar cell. Furthermore, the 
replacement of C70PCBM by an inorganic acceptor (CdS) was investigated to make use 
of its better stability compared to C70PCBM. Different device architectures for PQT-12 
and C70PCBM bulk heterojunction solar cells were also studied. 
 
Key words: Regioregular poly(3,3’’’-didodecyl quaterthiophene) (PQT-12), (6,6)-phenyl-








List of Tables 
Table 3. 1  Thicknesses of PQT-12 and C70PCBM pristine films. ……………………...49 
 
Table 3. 2 Device parameters of the blend films spin coated from different donor to 
acceptor compositions (PQT-12:C70PCBM). ……………………………………………54 
 
Table 3. 3 Device parameters of the blend films spin coated from different solvents CF, TCE, 
CB and DCB. …………………………………………………………………………………….64 
 
Table 4. 1 Comparison of device parameters of ITO/PEDOT:PSS/PQT:C70PCBM/Ca/Ag 
organic solar cells with different annealing temperatures processed from chlorobenzene. 









List of Figures 
Fig. 1. 1 CO2 emissions world-wide by year and CO2 concentration in the atmosphere by 
year. .....................................................................................................................................1 
 
Fig. 1. 2 The standard AM 1.5 global solar spectrum. ........................................................2 
 
Fig. 1. 3. Chemical structure of some conjugated materials. (a) poly(3-hexyl thiophene) 
P3HT, (b) poly(para-phenylene-vinylene) PPV , (c) a substituted PPV (MDMO-PPV), 
and (d) (6,6)-phenyl-C61-butyric acid methyl ester (PCBM) system (C60PCBM). ..…….6 
 
Fig. 1. 4 Schematic lay out of a typical organic solar cell. ……………………………….6 
 
Fig. 1. 5 Dependence of interface on the HOMO, LUMO levels of the system (a) 
facilitating the charge transfer and (b) facilitating the energy transfer. .............................7 
 
Fig. 1. 6 Operation of organic solar cells 1) absorption of the incident light in the donor 
which produces an exciton, 2) diffusion of the exciton to the donor/acceptor interface, 3) 
charge transfer at the interface, 4) dissociation of the bound electron hole pair and 5) 
diffusion of the dissociated charges. ……………………………………………………...8 
 
Fig. 1. 7 Possible recombination processes which can occur during operation of the solar 
cells. 1) exciton decay and 2) recombination to bound pair and decay. ………………...10 
 
Fig. 1. 8 Schematic lay out of (a) bi layer and (b) heterojunction solar cells. …………..11 
 
Fig. 1. 9 The molecular structures of a) PQT-12 and b) C70PCBM. ……………………14 
 
Fig. 2. 1 Schematic diagram describing the masks for evaporation (a) mask for the top 
contacts, (b) patterned ITO as bottom contact and (c) complete device structure after 
depositing both top and bottom contacts. ……………………………………………….27 
 ix
 
Fig. 2. 2 A Schematic representation of spin coating process. ………………………….29 
 
Fig. 2. 3 A schematic diagram of the chemical bath deposition method. ……………….31 
 
Fig. 2. 4 Schematic representation of thermal evaporation chamber used for contacts 
deposition. (a) vacuum pumps connected 1) diffusion pump, 2) turbo molecular pump 
and 3) cryo attachment, (b) evaporation chamber and (c) electrical controllers. ……….32 
 
Fig. 2. 5 Schematic representation of Typical J-V characteristics of a solar cell in the dark 
(dashed line) and illuminated (color line) conditions. JSC is the short circuit current 
density. VOC is the open circuit voltage. Pmax is the maximum power that can be 
obtained, and is given by Jmax .Vmax. …………………………………………………….34 
 
Fig. 2. 6 A schematic diagram of double beam UV-Vis-Near Infra Spectrophotometer. 
(Adapted and modified from Z. Q. Liu and X. U. Yi, Journal of Zhejiang University, 34, 
494 (2000).) ……………………………………………………………………………...39 
 
Fig. 2. 7 Schematic representation of the fundamental operating principles of scanning 
electron microscopy. (Adapted and modified from J. I. Goldstein, D. E. Newbury, P. 
Echlin, D.C. Joy, C. Fior, and E. Lifshin  Scanning Electron Microscopy and X-ray 
Microanalysis, Plenum, New York. (1981).) ……………………………………………41 
 
Fig. 2. 8 A schematic diagram of a Atomic Force Microscope (AFM) set up. …………42 
 
Fig. 2. 9 Schematic diagram illustrating the various steps involved in the 
photoluminescence process (1) absorption of the photon, (2) photoluminescence and (3) 
vibrational relaxation. …………………………………………………………………...43 
 




Fig. 3. 2 Energy levels diagram of the device prepared from PQT-12/C70PCBM blend 
using ITO as bottom contact and Ca as top contact. Since ITO and Ca are considered as 
metals here, fermi energy levels of the both are shown. ………………………………...51 
 
Fig. 3. 3 Illuminated J-V characteristics of the blend films spin coated from different 
donor to acceptor ratios (PQT-12:C70PCBM). …………………………………………..53 
 
Fig. 3. 4 IPCE measurements for the blend films spin coated from different 
donor/acceptor ratios (PQT-12:C70PCBM). ……………………………………………..55 
 
Fig. 3. 5 Variation of the thickness of the blend films as a function of C70PCBM 
concentration in the blend (wt%). ……………………………………………………….57 
 
Fig. 3. 6 Variation of the Absorption coefficient for the blend films spun from different 
donor to acceptor compositions (PQT-12:C70PCBM). ………………………………….58 
 
Fig. 3. 7 PL spectra for the blend films spun from different donor to acceptor 
compositions (PQT-12:C70PCBM). ……………………………………………………..60 
 
Fig. 3. 8 J-V characteristics of the devices spin coated from different solvents CF, TCE, 
CB and DCB under the AM 1.5G conditions. …………………………………………..63 
 
Fig. 3. 9 IPCE measurements for the devices prepared from different solvents, CF, TCE, 
CB and DCB……………………………………………………………………………..64 
 
Fig. 3. 10 Variation of the thickness with the selection of the solvent. …………………65 
 
Fig. 3. 11 The absorption coefficient varying with wavelength for the blend films spun 
from different solvents, CF, TCE, CB and DCB. ……………………………………….66 
 xi
Fig. 3. 12 Variation of the Absorption coefficient for the blend films spun from different 
solvents after annealing at 140oC for 10 min (thin lines for as-deposited films are also 
shown for reference).  …………………………………………………………………...67 
 
Fig. 3. 13 Atomic force microscopy (AFM) images of the blend films spin coated from 
different solvents (a) TCE, (b) DCB, (c) CF and (d) CB. The scan size is 3µmX3µm. ...70 
 
Fig. 3. 14 Optical images of the devices spin coated from different solvents (a) CF, (b) 
TCE, (c) CB and (d) DCB. ………………………………………………………………72 
 
Fig. 4. 1 Differential scanning calorimetric scan for PQT-12. Second heating and cooling 
cycles are shown (Ramping rate was 10ºC per minute and external cooling system was 
used to control the ramping rate). Exo indicates exothermic reaction and it is shown by 
peak pointing upwards. ………………………………………………………………….80 
 
Fig. 4. 2 Differential scanning calorimetry scan for C70PCBM. Second heating and 
cooling cycles are shown. ……………………………………………………………….81 
 
Fig. 4. 3 Illuminated J-V characteristics of the blend films spun from different donor to 
acceptor compositions (PQT-12:C70PCBM). ……………………………………………82  
 
Fig. 4. 4 J-V characteristics of the best performed device (1:2 wt% ratio), when annealed 
at 140ºC for 10 min in a N2 atmosphere. ………………………………………………..83 
 
Fig. 4. 5 Variation of the absorption coefficient for the 1:2 wt% (PQT-12:C70PCBM) 
blend film at different annealing temperatures. …………………………………………86 
 
Fig. 4. 6 Variation of the absorption coefficient for the pristine PQT-12 films when 
annealed at different temperatures. ……………………………………………………...87 
 
 xii
Fig. 4. 7 Variation of the absorption coefficient for the pristine C70PCBM films when 
annealed at different temperatures. ……………………………………………………...88 
 
Fig. 4. 8  PL spectra of as deposited pristine PQT-12 and PQT-12:C70PCBM blend films 
after annealing at different temperatures for 10 min. ………………………………...…89 
 
Fig. 4. 9  Topographic images of the blend films prepared from 1:2 (PQT-12:C70PCBM) 
ratio at different annealing temperatures (a) as deposited, (b) 110ºC, (c) 140ºC and (d) 
160ºC. ……………………………………………………………………………………91 
 
Fig. 4. 10 Topographic images of the 140ºC annealed (a) pristine PQT-12 and (b) 1:2 
(PQT-12:C70PCBM) ratio blend films. ..………………………………………………...93 
 
Fig. 4. 11 (a) Top and (b) cross section views of the 140ºC annealed blend film prepared 
from 1:2 (PQT-12:C70PCBM) ratio. …………………………………………………….93 
 
Fig. 4. 12 XRD patterns of pristine PQT-12 after annealing at different temperatures for 
10 min.  ……………………………………...…………………………………………..95 
 
Fig. 4. 13 XRD patterns of pristine C70PCBM after annealing at different temperatures 
for 10 min. ……………………………………………………………………………….96 
 
Fig. 4. 14  XRD patterns of 1:2 PQT-12:C70PCBM blend films (by wt%) after annealing 
at different temperatures for 10 min. ………………………………...………………….97 
 
Fig. 4. 15 EQE measurements for the devices spun at different spinning speeds, 1500rpm, 
2000rpm, 2500rpm and 3000rpm for 60s. ………………………………………………98 
 
Fig. 4. 16 Illuminated J-V characteristics of the devices spun at different spinning speeds, 
1500rpm, 2000rpm, 2500rpm and 3000rpm for 60s. ……………………………………99 
 
 xiii
Fig. 4. 17 Variation of the absorption coefficient for the blend films spun at different 
spinning speeds. ………………………………………………………………………..100 
 
Fig. 4. 18 Energy levels diagram of the device prepared from PQT-12/CdS using ITO as 
bottom contact and Ca as top contact. …………………………………………………102 
 
Fig. 4. 19  Bi-layer approach using CdS layer as inorganic acceptor. …………………103 
 
Fig. 4. 20 SEM images of the CdS thin films deposited at different CdCl2-thiourea 
combinations, where ammonia is fixed (a) 1-1-10, (b) 2-2-10, (c) 3-3-10, (d) 4-4-10 and 
(e) 5-5-10. ……………………………………………………………………………...103 
 
Fig. 4. 21 SEM images of the CdS films deposited from (a) ammonia and (b) TEA. …106 
 
Fig. 4. 22 J-V characteristics of CdS-PQT-12 bi-layer device. ………………………..107 
 
Fig. 4. 23 J-V characteristics of the device prepared from 90 wt% of CdS nano-particles 
















List of Publications 
1) Pardhasaradhi Vemulamada, Gong Hao, Thomas Kietzke and Alan Sellinger, 
“Efficient bulk heterojunction solar cells from regioregular- poly(3,3’’’-didodecyl 






                              
Chapter 1 
Introduction 
The modern society is highly energy dependent and demanding more and more increase 
in the energy supply. The increase in the energy demand is due to industrialization, 
urbanization and increasing population. Availability of energy resources will mainly 
determine any country’s economy and standards of living. Dwindling resources of fossil 
fuels (coal and oil) will raise the urgency in renewable alternate energy sources 
development. It is estimated that in another 200-300 years [1, 2], these sources will be 




Fig. 1. 1 CO2 emissions world-wide by year and CO2 concentration in the atmosphere by 
year. (Adapted from [3].)  
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Moreover, the usage of fossil fuels is likely linked to environmental issues such as 
climate change and global warming. The delicate balance of nature on our planet has 
been already affected by the combustion of fossil fuels. About 20x1012 kg of CO2 is 
emitted into the atmosphere every year [4-6]. An increase in the concentration of CO2 is 
not balanced by the absorption of plants, resulting the “green house” effect [5]. 
Therefore, a sustainable, economic and eco-friendly renewable source is in need. 
Renewable energy resources like solar energy (direct conversion of sun light into 
energy), hydro, biomass, wind, etc., are particularly attractive. Solar energy is one of the 
promising renewable energy sources because it is inexhaustible and pollution free. Efforts 
to harness solar energy began in Singapore recently [7]. R&D efforts are also in progress 
at universities, scientific organizations and industry to make solar energy economically 
competitive with conventional sources.     
 
1.1 Solar Energy 
 
Fig. 1. 2 The standard AM 1.5 global solar spectrum [8]. 
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It is estimated that the Earth receives an annual energy of 1018 kWh from the Sun which 
is about 20,000 times more than the present world annual energy consumption. Effective 
use of this energy can mitigate future energy needs. Methods of solar energy utilization 
can be broadly classified into two categories (i) photothermal and (ii) photovoltaic. 
Photothermal systems convert solar radiation into thermal energy which can be used 
directly or converted into electricity. Photovoltaic systems (solar cells) convert sun light 
into direct electricity.  
  
1.2 Solar cells 
Becquerel first discovered the photovoltaic effect by placing two electrodes in an 
electrolyte solution in 1839 [9]. Later in 1877, Adams and Day [10] observed a photo 
response in selenium when exposed to sunlight indicated by variations in it’s electrical 
properties. After this first photovoltaic report on solid state selenium, a large number of 
other early solid state workers did pioneering work on selenium and cuprous oxide 
photovoltaic cells [11-13]. Significant breakthrough occurred in 1954 when Chapin, 
Fuller and Pearson [14] from Bell Telephone Laboratories, USA reported a single crystal 
silicon p-n junction solar cell with an efficiency of 6%. In the same year, Reynolds et al. 
[15] introduced efficient heterojunction solar junction reported with 6% efficiency based 
on cuprous sulphide / cadmium sulphide heterojunction solar cell. Since then many 
extensive studies were carried out both on silicon and other inorganic materials. Another 
milestone to cite in the early developmental history of photovoltaics is the first GaAs 
solar cells with efficiency in excess of 6% reported by Jenny et al [16]. Now GaAs is 
reported to be the highest efficient solar cells and used in space applications. Si based 
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solar cells recently achieved 24% efficiency [17] approaching theoretical limit of 30% 
[18, 19]. Detailed reports on different  thin film technologies [20-24] such as thin film Si 
[25-29], a-Si [30-32], CdTe [33-38], Cu-III-VI2 [39-58] and CIGS [54-61] can be found 
in the indicated references above. 
Today photovoltaic (PV) modules are the prime source of power for satellites and slowly 
catching up the terrestrial market. About 2 GW of PV power is being used world wide for 
a variety of applications. High production cost of the solar cells is the reason for slow 
adoption into the terrestrial market. The high production cost of these inorganic solar 
cells is mainly attributed to processing at high temperatures (400-1400oC) and the 
involvement of expensive vacuum capital equipment. To share a significant component 
of world energy market, substantial cost reduction of these PV modules is needed. Novel 
materials and technologies such as low temperature processing of organic materials are 
being pursued by various institutions and research organizations to achieve the goal of 
significant cost reduction.  
 
1.3 Organic solar cells 
Organic solar cells can be a potential candidate for developing low cost power generation 
which is economically viable for large scale applications. Compared to solar cell grade 
Si, organic materials are less expensive but also less efficient. Easy processing through 
spin coating or dip coating techniques is an added advantage, eliminating the costly 
vacuum processing conditions. High absorption coefficients compared to Si allows the 
use of very thin films – 10-50X thinner than Si based devices. Very thin films are 
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facilitating the possibility of producing thin flexible devices with high throughput. Aided 
by the low temperature processing, organic solar cell production is approaching well 
established techniques in roll- to- roll production [62, 63].  
In organic solar cells technology, there are many concepts based on small molecules [64, 
65], conjugated polymers [66], conjugated polymer blends [67 to 69], bi-layer devices 
based on small molecules and conjugated polymers [70, 71]. A widely used concept in 
organic solar cells is the use of polymer/fullerene blends [72-74]. Mixing the organic 
materials with inorganic nano-particles can be another interesting alternative. 
Furthermore, p-type polymeric materials can also be combined with n-type inorganic 
material to form bulk heterojunction solar cells [75, 76].  
 
1.3.1 Organic semiconductors 
Conjugated π electrons are responsible for the electronic properties of organic materials. 
Alternating single and double bonds in an organic material can be understood as 
conjugation. σ bonds are the single bonds with localized electrons. Double bonds contain 
both σ and π bonds. If overlapping of π orbitals occurs along the conjugation direction, π 
electrons can jump from one site to another site among carbon atoms because of the 
higher mobility compared to σ electrons. The π bands are either empty or full because of 
delocalization, resulted from overlapping. When they are empty, they are called the 
lowest unoccupied molecular orbital (LUMO). When they are full, they are called the 
highest occupied molecular orbital (HOMO). Selected conjugated materials are shown in 
Fig. 1.3. 
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         (a)                               (b)                          (c)                                (d) 
 
Fig. 1. 3. Chemical structure of some conjugated materials. (a) poly(3-hexyl thiophene) 
P3HT, (b) poly(para-phenylene-vinylene) PPV , (c) a substituted PPV (MDMO-PPV),  
and (d) (6,6)-phenyl-C61-butyric acid methyl ester (PCBM) system (C60 PCBM). 
 
1.3.2 Organic solar cells working principle 
Organic solar cells contain a photo active layer sandwiched between two electrodes. The 
typical structure can be seen below. 
 
 
Fig. 1. 4 Schematic lay out of a typical organic solar cell. 
 
Organic solar cells mainly contain two components - electron donor (D), and electron 
acceptor (A) in the photo active layer similar to p-n junction inorganic devices.  Although 
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the device structure appears similar to the inorganic solar cells, the operational physics is 
a bit different. Before going in too much detail, careful understanding of the terms donor 
(D) and acceptor (A) are required. Certain functionalities make materials either electron 
donors or acceptors (or sometimes both termed ambipolar) when attached to unsaturated 
(conjugated) systems. Examples of functional groups that favor electron acceptor 
properties are carbonyl, fluorine, cyano (CN), quinoline, oxadiazole, etc. The proper 
choice for combining materials in solar cells should be made from the energy levels, such 
as ionization potential (IP) and electron affinity (EA). They will help in determining the 
possible materials for the required system. 
 
                                                 
                    (a)                                                                  (b) 
 
Fig. 1. 5 Dependence of interface on the HOMO, LUMO levels of the system (a) 
Facilitating the charge transfer and (b) facilitating the energy transfer. 
 
Band bending will occur when two different materials with different HOMO, LUMO are 
placed in contact. Band bending will dependent on the relative position of the Fermi 
levels. When band bending occurs, charge transfer in the system will be determined by 
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the HOMO, LUMO levels position as shown in Fig. 1.5 (a). This can be realized if one 
material has a low EA and another high IP. The material with low EA will donate the 
electron to the conduction band (CB) of the other and therefore termed electron donor. 
The material with low IP will accept the hole from valance band (VB) of the other and 
therefore termed electron acceptor. Energy transfer will occur in the system (see Fig. 1.5 
(b)) when a higher band gap material and a lower band gap material are present in the 
system. This process is termed as Forster transfer [77] where excitation energy transfers 
to the low band gap material with small losses. Forster transfer is characterized by the 
shift towards lower energy levels in the emission band of the exciton.       
 
Fig. 1. 6 Operation of organic solar cells 1) absorption of the incident light in the donor 
which produces an exciton, 2) diffusion of the exciton to the donor/acceptor interface, 3) 
charge transfer at the interface, 4) dissociation of the bound electron hole pair and 5) 
diffusion of the dissociated charges. 
 
One important step in the organic solar cell operation is light absorption (see Fig. 1.6). 
Most of the conjugated materials absorb in the visible range except C60PCBM [78]. Light 
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absorption indicates the collection of photons. For an efficient collection of the photons, 
the absorption spectrum of the active layer should match the solar emission spectrum. 
The photoactive layer thickness should be sufficient to absorb all the incident light. 
Increasing photoactive layer thickness is advantageous for light absorption but burdens 
the charge transport. Creation of the charges is one of the key steps in better photovoltaic 
device performance. In most organic solar cells, charges are created by photo-induced 
electron transfer. Absorption of the light will create bound electron–hole pairs (called 
excitons). Breaking the coulombically bound electron–hole pairs will result in free 
charges. Exciton dissociation is facilitated by the built-in electric field [80-85]. The 
difference in the work functions will create the built-in electric field. Excition 
dissociation will take place mainly at the interfaces. In order to break the excitons, 
diffusion of the excitons will occur at the interface. The mechanism of dissociation of 
electron-hole pairs at the interface is explained by Onsager-type model [86, 87]. Apart 
from the above mechanisms, different possibilities of creating free charges, [88] by 
thermal activation [89] or with out thermal activation (tunneling through the near site) 
[90] are also reported. Due to relatively low dielectric constants (Er=3 to 4) [79] of the 
organic materials compared to inorganic materials, there will be a columbic interaction 
between the dissociated charges at the interface. If the charge carriers overcome this 
columbic force of interaction at the interface, they can be free to move towards their 
respective electrodes for power generation. Otherwise bound charge carriers at the 
interface will recombine resulting in internal recombination known as geminate 
recombination. Possible recombination processes which can occur during operation of the 
solar cells are shown in Fig. 1.7.  Balanced mobility of the charge carries will play a 
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significant role in the efficiency of the device. The disordered or short range ordered 
arrangement of molecules or side chains in the organic materials affect the mobility of the 
free charges to the respective electrodes. Gaussian disorder model [88] explains the 
charge transport in such disordered materials. Furthermore, a higher mobility of the 




Fig. 1. 7 Possible recombination processes which can occur during operation of the solar 
cells. 1) exciton decay and 2) recombination to bound pair and decay.                                                                        
 
1.3.3 Device architecture  
Apart from proper selection of the materials, device architecture also plays an important 
role in determining the device efficiency. Organic solar cells prepared from single layer 
without other donor (D) or acceptor (A) layer showed low power conversion efficiencies. 
The main reason for low efficiency is the availability of interface for the dissociation of 
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coulombically bound electron-hole pairs. Dissociation will takes place only at the 
electrode interface in such type of device structure. Bi-layer device concept uses two 
layers, donor (d) and acceptor (A) layers. Increased interfacial area increased efficiency 
dramatically. Most of the photogenerated excitons are not reaching the interface because 
of low diffusion lengths of the excitons (typically in the order of 10nm) [94-98]. Lower 
exciton diffusion lengths and life times resulting exciton recombination which will not 





Fig. 1. 8 Schematic lay out of (a) bi layer and (b) heterojunction solar cells. 
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longevity of the charge carriers compared to organic materials will have more time for 
collection before they recombine. This difficulty was overcome by the proposal of bulk 
heterojunction concept (see Fig. 1.8). Most of the significant work in organic solar cells 
was done based on this concept and produced some encouraging results. Bulk 
heterojunction solar cells use nano-scale phase separated blends prepared from donor and 
acceptors of interest. Due to the nano-scale morphology excitons have to diffuse less 
distance to reach the interface for dissociation. Compared to bi-layer structure it is having 
the advantage of having large interfacial area between donor and acceptor. Large 
interfacial area will help in better dissociation of excitons. Percolation path ways for the 
free charges associated with the nano-scale morphology are also critical for better device 
performance. Percolation path ways play an important role in collection of the charge 
carriers at the respective electrodes [91, 92]. Recent studies on phase separation at the 
interface revealed the importance of the charge transport through uninterrupted 
percolation path ways [93]. In short, the suitable material for bulk heterojunction organic 
solar cells should have high mobility of the charge carriers with a good control over the 
nano-morphology which allows better transportation of the charge carriers. Possibility of 
the materials is also an important consideration. Different processing conditions will 
result in different physical properties which are finally reflected in the device 
performance.  
From a materials perspective, in the OPV area of technology both small molecules and 
polymers are currently the preferred candidates. Small-molecules are advantageous as 
they can be highly purified and vacuum deposited in multi-layer stacks, both important 
for device lifetime and efficiency. However, vacuum deposition techniques generally 
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require expensive equipment, a limitation to device size, and the potential for 
complication at high volume using masking technologies. Polymers are generally of 
lower purity than small molecules but can access larger device sizes at much lower costs 
using solution-based deposition techniques such as dip, spin and spray coating, and ink 
jet and screen printing. With regard to solution processing, one system that has gained 
significant attention in recent years is based on spin coated films of regio-regular poly(3-
hexylthiophene) (P3HT) with fullerene derivatives [(6,6)-phenyl-C61-butyric acid methyl 
ester (PCBM)].  Initial device power conversion efficiencies (PCE) were quite low 
(~0.2%), [99] but with many research groups world-wide working on this over the past 
10 years, recent PCEs of ~5% have been achieved [100-102]. Despite these encouraging 
results, this system suffers from several problems, including C60-PCBMs poor absorption 
in the visible spectrum, and a relatively low ionization potential (3.80eV) that leads to 
rather low open-circuit voltages (~0.6V). 
P3HT has become a promising material in the field of organic solar cells over the 
previously extensively studied poly(p-phenylene vinylene) (PPV):PCBM system 
[103,104] because of its beneficial properties such high hole mobility (0.10cm2/vs ) [105], 
enhanced photostability [106] and an improved optical absorption in the visible region. 
Recently, poly(3,3’’’-didodecyl quaterthiophene) (PQT-12) was reported to have 
improved transistor mobilities (0.18 cm2/vs) [107], similar absorption spectrum to P3HT, 
and a HOMO value further away from vacuum -5.24eV (versus -5.00 eV for P3HT) to 
possibly provide higher Voc and enhanced ambient stability [108].  With regard to 
stability, organic field effect transistors (OFETs) fabricated from PQT-12 have a much 
greater stability in air than corresponding devices fabricated from P3HT [109].  
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Currently, C60PCBM is the most commonly investigated acceptor for solution processed 
organic solar cells, with only a few others being reported [104, 110-112]. As stated 
above, the main drawback of C60PCBM is the low absorption in the visible range. It has 
been demonstrated that improved light absorption and short circuit current density (JSC) 
[103] can be achieved by using C70PCBM blended with MDMO-PPV. Furthermore, 
C70PCBM shows significant absorption in the visible range, excellent miscibility with 
low band-gap polymers [112] and promising preliminary results as an acceptor. Hence, 
we have identified PQT-12 as potential donor and C70PCBM as potential acceptor for our 
study. Molecular structures of PQT-12, and C70PCBM used in this thesis are shown in 
Fig. 1.9.  
 
 
                                   (a)                                                                        (b) 
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1.4 Outline of the thesis 
The objective of the present thesis is to test and develop a better understanding of PQT-
12 based bulk heterojunction solar cells. We report, for the first time, the application of 
PQT-12 as donor material in bulk heterojunction solar cells. A relatively new acceptor 
C70PCBM was studied for the bulk heterojunction solar cell application blended with 
PQT-12. C70PCBM and PQT-12 blend films were deposited using spin coating.  Device 
optimization was done to achieve high efficiency under AM 1.5G illumination 
conditions. As a whole, the thesis comprises of six chapters. 
The second chapter mainly contains details of experimental techniques used for the 
preparation of the bulk heterojunction solar cells based on the C70PCBM and PQT-12 
blends and various characterization of solar cells. Section 2.1 gives a brief introduction of 
the solar cell device fabrication. Section 2.2 presents a brief introduction of the different 
solar cell characterization techniques such as incident photon conversion efficiency 
(IPCE) and energy conversion efficiency (ECE). Different characterization techniques for 
the blend films are also discussed. A comprehensive study of the effect of different 
solvents, spinning speeds and donor to acceptor ratio on device performance is reported 
in chapter 3. Chapter 3 is subdivided into three sections: 3.1 introduction, 3.2 results and 
discussion and 3.3 summary and conclusions. Section 3.1 provides an overview of the 
chapter. Section 3.2 provides details of device optimization and effect of optimization on 
ECE. The summary and conclusions of all reported results in chapter 3 is presented in 
section 3.3. The fourth chapter provides a comprehensive study of the effect of annealing 
and other processing parameters on device performance. Chapter 4 is subdivided into 3 
parts: 4.1 introduction, 4.2 results and discussion and 4.3 summary and conclusions. 
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Chapter 5 discusses the use of inorganic acceptors such as CdS nano particles in the bulk 
heterojunction solar cell blended with PQT-12 and is also subdivided in to three sections: 
Chapter 5 summarizes the whole work and suggests some future works related to PQT-12 
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2.1 Solar cell device preparation 
For device fabrication, an approximately 70nm thick layer of poly(ethylene 
dioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS) was spin-coated 
onto commercial glass substrates covered with indium-tin-oxide (polished 140nm ITO on 
SiO2 covered soda lime glass, Merck). Indium-tin oxide (ITO) glass slides were carefully 
etched, rinsed, and cleaned by ultrasonication in detergent, deionized (DI) water, acetone, 
methanol, and again in DI water, followed by drying with a nitrogen gun and a 20 minute 
surface treatment in a UV-Ozone chamber at 100°C. The PEDOT:PSS (HC Starck) films 
were dried on a hot plate under a nitrogen atmosphere for 10 min at 120°C. The active 
layer was prepared from different blends with varying donor to acceptor ratios (24 
mg/ml) using different solvents at different spinning speeds. For our study we have used 
PQT-12 (American Dye Sources) as electron donor and C70PCBM (American Dye 
Sources) as electron acceptor.  Separate solutions of PQT-12 and C70PCBM were stirred 
at 50ºC for a few hours before the solutions were mixed to create the blend solutions. The 
PQT solutions were not completely solubilized in chlorobenzene until heated to 70ºC 
prior to combining the solutions. The blend solutions were stirred overnight at 50ºC and 
remained clear.  The blend solutions were filtered through 0.22 µm-pore size PVDF 
syringe driven filters (Millipore) and were used to spin-coat the active layers at 2000 
revolutions per minute (RPM) for 60s. 
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Fig. 2. 1 Schematic diagram describing the masks for evaporation (a) Mask for 
the top contacts, (b) patterned ITO as bottom contact and (c) complete device 
structure after depositing both top and bottom contacts.  
 
The thin films were annealed on a hot plate for 10 min. The devices were completed by 
evaporating a 20 nm Ca layer protected by 100 nm of Ag at pressures below 8×10-6 mbar. 
In this work, both calcium (Ca) and silver (Ag) were used as top contacts. Since Ca is a 
highly reactive metal, Ag was used to protect the contact simultaneously without losing 
the ohmic behavior to the active layer. Fig 2.1 (b) shows the mask for the bottom contact, 
created by covering a selected portion of ITO coated glass with Kapton tape then etching 
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in nitric acid (HNO3) to get the required pattern. Fig. 2.1 (a) shows the mask used for the 
top contact evaporation. The mask consists of 10 open “fingers” which results as 10 
active cells per 2.5 x 2.5 cm substrate. The effective solar cell area as defined by the 
geometrical overlap between the bottom ITO electrode and the top cathode was 
0.1425cm2. All device preparation and characterization were performed under a nitrogen 
atmosphere.  
For the bulk herterojunction devices based on cadmium sulfide (CdS) nano-particles, a 
clear PQT-12 solution was prepared as described above. CdS nano-particles were added 
to the clear PQT-12 solution and the blend solution was stirred overnight at 50ºC. The 
blend solution was used to spin coat the active layer. For the PQT-12/CdS bi-layer solar 
cell, CdS thin film was deposited first on ITO coated glass by the chemical bath 
deposition method. PQT-12 thin layer was spin coated on top of the CdS layer at 2000 
rpm for 60s and device was completed in the same way as described above. 
The major sample preparation techniques used during device processing are described in 
the following sub-sections.  
 
2.1.1 Spin coating 
Spin coating is an inexpensive and widely used technique to obtain uniform thin films – 
even at the 10-200 nm level. A typical spin coating process involves depositing a small 
puddle of a solution onto the center of a substrate and then spinning the substrate at the 
desired speed. Fig. 2.2 shows a schematic representation of spin coating process. Thin 
film formation involves a balance between centrifugal forces controlled by spin speed 
and viscous forces which are determined by solvent viscosity. Centripetal acceleration 
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will cause the solution to spread over the substrate leaving a thin film of the desired 
material on the surface. Final film thickness and other properties depends on the nature of 
the solution, which is determined by viscosity, drying rate, concentration, surface tension, 
etc. One of the most important factors in spin coating is reproducibility. Subtle variations 
in the parameters can result in drastic variations in the coated film. For thicker films, high 
solution concentration, low spin speed, and a short spin time are needed.  
 
 
Fig. 2. 2 A Schematic representation of spin coating process.  
 
2.1.2 Preparation of CdS layers and nano particles 
Though several techniques are available to synthesize nano-particles, chemical bath 
deposition (CBD) was used to prepare nano-particles and thin films of CdS as this is the 
most commonly used – even in industrial processes [1, 2]. Even though it is a low 
throughput technique, it has an advantage of obtaining both thin films and particles 
simultaneously. However, using a conventional technique one can get the particle sizes 
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up to 500 nm. Therefore some modifications were sought to be introduced to get nano-
particles. There were some reports on ultrasonic irradiation effects on CBD grown CDS 
films to get nano layers but there are no extensive studies. In the present work, CdS nano-
particles and films were prepared by ultrasonic CBD. The substrate was held in the 
ultrasonic tank at different temperatures. The schematic diagram of the chemical bath 
deposition method used for this work is shown in Fig. 2.3. 
The bath contained the cadmium salt as the source of cadmium, thiourea as the source of 
sulfur and ammonia as a complexing agent. The scheme of reaction is given by [2] the 
following equations. 
 
SC(NH2)2 + 2OH− →  S2− + CH2N2 + 2H2O                                         (2.1) 
 
           Cd(NH3)42+ →  Cd2+ + 4NH3                                                      (2.2) 
 
 Cd2+ + S2− →  CdS (s)                                                                (2.3) 
 
 
When the ionic product exceeds the solubility product, the precipitation of CdS occurs in 
the solution leading to the formation of the CdS film on the substrate immersed in the 
solution. The recipe of the chemical bath used for deposition of the CdS films in the 
present work contains 20 ml of 0.1 M CdCl2, 20 ml of 0.1 M thiourea and 26 ml of 14 M 
ammonia solutions. The bath temperature was slowly raised to 60oC and kept constant. 
The deposition time was varied to obtain different growth conditions. After deposition, 
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the substrates were removed from the bath, cleaned with distilled water and dried.   
Strongly adherent yellowish CdS thin films were obtained.  
 
 
Fig. 2. 3 A schematic diagram of the chemical bath deposition method. 
 
2.1.3 Thermal evaporation 
In the present study, (EDWARDS Model FL-500) a two source system (single and turret 
source) was used for the deposition of top contacts, calcium (Ca) and silver (Ag) 
respectively. The vacuum evaporation system contains a box type chamber to facilitate 
easy loading of the substrates either from ambient or nitrogen atmosphere.  A diffusion 
pump and turbo molecular pump along with liquid nitrogen trap were used for the 
evacuation of the chamber. The base pressure of the chamber was monitored by Penning 
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and Pirani gauges. The Schematic diagram of the thermal evaporation system used for 




Fig. 2. 4 Schematic representation of thermal evaporation chamber used for 
contacts deposition. (a) vacuum pumps connected 1) diffusion pump, 2) turbo 
molecular pump and 3) cryo attachment, (b) evaporation chamber and (c) 
electrical controllers. 
 
Four sets of low tension (LT) electrodes were fixed to the bottom plate of the evaporation 
chamber. The LT electrodes were used for resistive heating of evaporation sources and 
were configured symmetrically. In addition to these electrodes, mechanical feedthroughs 
for shutters and for Quartz crystal feedthrough were fixed to the bottom plate. The 
substrate holder was fixed to the top plate through a rotary drive. A radiant heater along 
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with thermocouples was fixed through the top plate. In addition, halogen lamps were also 
fixed to the walls of the chamber with an upward view to the substrate holder to 
supplement the radiant heater. The substrate shutter was fixed from the back side of the 
chamber. The substrate temperature was controlled using PID controller system. The 
evaporation source temperatures were maintained by carefully controlling the secondary 
currents.  The quartz crystal digital thickness monitor was used to monitor the thickness 
and evaporation rates. The crystal was mounted inside the chamber in close vicinity of 
the substrate holder. The molybdenum and tungsten boats were used as evaporation 
sources for the deposition of the films. Each source was calibrated by studying the 
evaporation rate as a function of secondary current.  The secondary currents needed to 
obtain the desired evaporation rates can be set. 
 
2.2 Device and thin films characterization techniques 
2.2.1 Characterization of the bulk heterojunction solar cells 
Solar cell performance can be calculated by measuring the current density-voltage (J-V) 
characteristics under dark and illuminated conditions. Typical J-V curves under dark and 
illuminated conditions are shown in Fig. 2.5.  Under the dark conditions solar cell J-V 
characteristics resembles typical diode behavior.  When the cell is illuminated, J-V curve 
will be shifted by the amount of short circuit current density (Jsh) or photocurrent, and the 
open circuit voltage (Voc) [3-5]. Voc indicates the maximum photovoltage that can be 
generated and corresponds to the voltage at zero current. Pmax is the maximum power that 
can be obtained under illumination (located in the fourth quadrant). Pmax is less than the 
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product of JSC.VOC. The ratio between JSC.VOC and Pmax is defined as fill factor (FF) 





max.max=                                                             (2.4) 
 
 
Fig. 2. 5 Schematic representation of Typical J-V characteristics of a solar cell in the dark 
(dashed line) and illuminated (color line) conditions. JSC is the short circuit current 
density. VOC is the open circuit voltage. Pmax is the maximum power that can be 
obtained, and is given by Jmax .Vmax. 
 
Power conversion efficiency is defined as the ratio between the incident light power 
(Pincident) and the output power (Pmax) (Equation 2.5).  
incidentP
Pn max=  = 
incidentP
FFVocJsc ..                                           (2.5) 
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As power conversion efficiency depends on incident light power [6-10], one should 
follow the standard measurement conditions specified by National Renewable Energy 
Laboratories (NREL).  Standard measurement conditions indicate that the lamp spectrum 
closely matches with the AM 1.5G spectrum and light intensity of 100mW/cm2. For this 
study, a solar cell simulator (Steuernagel 535, Germany) and a Keithley 2400 
source/measure unit were used.  
The incident photon conversion efficiency (IPCE), as a function of wavelength was 
measured with a custom-made setup consisting of an Oriel 300 W Xe lamp in 
combination with an Oriel Cornerstone 130 monochromator and a SRS 810 lock-in 
amplifier (Stanford Research Systems). The IPCE is calculated by the number of 
electrons leaving the device under short circuit condition per time and area divided by the 





.=  = 
Plighte
hcIsc
λ                             (2.6) 
 
where λ  is the wavelength, is the electron charge, c is speed of the light, is the plank 
constant. Note that the IPCE is a measure of the external quantum efficiency, meaning 
that losses due to reflection at the surface or transmission through the device are included 
in the IPCE value. Subtracting these two loss channels would lead to the internal 
quantum efficiency, which is, however, rarely used to compare solar cells.  Under full 
computer control, a wide spectrum light source (300W Xenon lamp) is chopped and 
filtered into a discrete succession of narrow spectral bands using a monochromator. The 
monochromatic light was focused on to the test device. The device current produced from 
e h
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the monochromatic light is converted to an alternating current (ac) voltage signal. A lock-
in amplifier locks into the chopper frequency of the light signal and measures the 
corresponding ac voltage produced by the light. Using a time-periodic light signal and a 
lock-in amplifier distinguishes the signals produced by the relevant spectral band from 
those that may be produced by other light sources. In order to record the photon flux of 
our system (Plight), a standard Si photodiode with known IPCE values over the required 
wavelength range, was measured under the same conditions prior to device testing. Plight 
was calculated over the wavelength range of interest using the equation. After this, the 
device under test will be measured over the wavelength of interest to record the device 
current (Isc) in terms of an alternating current (ac) voltage signal and IPCE values were 
calculated using the same equation. 
 
2.2.2 X-Ray Diffraction (XRD) 
X-ray diffraction is a very important experimental technique that has been used for the 
structural determination of bulk solids / films, identification of unknown materials, 
orientation of single crystals, and preferred orientation of polycrystals, defects, stresses 
etc [11]. For the characterization of polymer thin films, a monochromatic X-ray source 
was used. Bragg’s law states that diffraction will occur when the X-ray beam is scattered 
by adjacent crystal planes which are in phase. When the Bragg’s law is satisfied, 
diffraction peaks will appear indicating certain crystal orientation. The d spacing of the 
peaks can be calculated using Bragg’s law [12].  
 
θλ sin2dn =                                     (2.7) 
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where λ is the wavelength of the X-ray source, θ is the scattering angel (Bragg angel), ‘d’ 
is the lattice spacing between adjacent crystal planes and ‘n’ is an integer that represents 
the order of diffraction. The ‘d’ value identifies the atomic plane. The width of the 
diffraction peak (B) at half of its maximum intensity is a measure of the crystallite size. 







L =                                       (2.8) 
 
The above equation is valid only if crystallites are smaller compared to thickness of the 
film (t). If crystallites are larger than film thickness or equal then crystallite size (L) 
equals to thickness of the film (L = t). 
In this study, BRUKER AXS (model D8 ADVANCE) X-ray diffractometer was used to 
analyze the various thin organic films produced. The thin film samples were 
characterized by Bragg-Brenato scan or 2θ scan or Goniometry scan. In 2θ scan, both the 
source and the detector are locked and rotated through 2θ. A peak will appear at values of 
2θ for which Bragg’s condition is satisfied. X-ray scans were performed between 
2θ values of 3o and 15o with a typical step size of 0.02o, using Cu Kα radiation (λ = 
0.154056 nm). Phase identification in thin films can be accomplished by comparing the 
d-spacings of the experimental samples with d-spacings of the known phases compiled by 
the Joint Council for Powder Diffraction Studies (JCPDS).  XRD analysis was not 
extensively studied in understanding the physics of organic solar cells. Since the free 
charges have to travel perpendicular to the substrate (towards the top and bottom 
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electrodes), inter planar spacing calculations (d-spacing) will help in better understanding 
of the charge transport which is particularly important in organic solar cells. For example, 
increased d-spacings may result in lowering of the mobility of the free charge carriers as 
they have to overcome larger distances in order to reach the other electrodes.  
 
2.2.3 Optical absorption  
Spectral transmission data of a semiconductor thin film helps us determine the magnitude 
of the absorption coefficient, optical band gap, and the nature of the band gap (whether 
direct or indirect). UV-Visible-Near infrared spectrophotometer is a widely used 
equipment for optical absorption and transmission data of materials. Spectral 
transmittance and absorbance can be measured from 350 nm to 2000 nm. The function of 
this instrument is quite straight forward. Fig. 2.6 shows the schematic diagram of the 
components of a typical double beam spectrophotometer. The UV-Vis-Nir infrared 
spectrophotometer uses two light sources: a deuterium lamp for ultraviolet light and a 
50W halogen lamp for visible and infrared region. A diffraction grating splits the light 
beam from the source into its component wavelengths. A half-mirrored device was used 
to split the monochromatic beam into 2 equal intensity beams, sample beam and 
reference beam respectively. The sample beam passes through the thin film sample under 
investigation where as reference beam passes through a reference substrate. The 
intensities of these light beams were then measured by electronic detectors. Firstly, the 
spectrum of all the components in the spectrum was measured in the absence of sample to 
determine the baseline. The intensity of the baseline, together with the intensity of the 
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reference beam, which should have suffered little or no light absorption, are subtracted 
from the intensity of the sample beam. Thus, the final transmission spectrum is only 
resulted from the transmission of light by the tested sample itself. 
 
 
Fig. 2. 6 A schematic diagram of double beam UV-Vis-Near Infra Spectrophotometer. 
(Adapted and modified from Z. Q. Liu and X. U. Yi, Journal of Zhejiang University, 34, 
494 (2000).) 
 
The spectral transmittance (Tλ) of a transparent medium is defined as the ratio of the 
intensity of transmitted radiation (I) to that of the incident radiation (I0) and is related to 
the absorption coefficient (α) and the thickness of the sample (t) by the following 
expression [14] 
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IT αλ ==                                                    (2.9) 
 
In the current work, Spectral transmission data were recorded using a SHIMADZU UV-
3101PC double beam spectrophotometer (Model V-570). An uncoated glass substrate is 
kept in the reference beam path to compensate for the substrate effects. A slit width of 2.0 
cm and sample interval of 1.0 (fast scanning mode) were used for the measurements. The 
scanning region was from wavelength of 300 nm to 800 nm. 
 
2.2.4 Scanning Electron Microscopy 
The Scanning Electron Microscopy (SEM) is the most widely employed technique to 
study the microstructure and surface morphology of films. A schematic representation of 
a typical SEM is shown in Fig. 2.7. In this technique, the electrons produced by 
thermionic emission from a tungsten or LaB6 cathode filament were drawn to an anode, 
focused by two successive condenser lenses into a beam of very fine spot size (~ 50 Ao). 
Pairs of coils located at the objective lens deflect the beam either linearly or in raster 
fashion over a rectangular area of the specimen surface. Electron beam of different 
energies ranging from a few thousand to 50 keV, were utilized in this technique. Upon 
impinging on the specimen, the primary electrons decelerate and transfer some energy 
inelastically to other atomic electrons and to the lattice. In the present study, the surface 
morphology of the films was obtained using Scanning Electron Microscope of FEI Inc. 
(model XL30ESEM) using the secondary electrons. 
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Fig. 2. 7 Schematic representation of the fundamental operating principles of scanning 
electron microscopy. (Adapted and modified from J. I. Goldstein, D. E. Newbury, P. Echlin, 
D.C. Joy, C. Fior, and E. Lifshin  Scanning Electron Microscopy and X-ray Microanalysis, 
Plenum, New York. (1981).) 
 
2.2.5 Atomic force microscope (AFM) 
Atomic force microscope (AFM) can provide information of atoms on or in a surface in 
terms of images. This information is mainly related to surface roughness, particle size, 
phase separation, etc. An important part of the AFM is the tip. The AFM tip is commonly 
made of a fine ceramic or semiconductor material to scan over the surface. The tip is 
positioned at the end of a cantilever beam and is attracted or reflected to the surface due 
to the forces between atoms of the tip and atoms of the surface. A laser beam is used to 
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detect the deflections of the tip making use of cantilever beam.  AFM works in 2 different 
modes. One is tapping mode in which the tip taps across the surface and another is 
contact mode, where the tip touches the sample. A schematic diagram of AFM used in 
this study is shown in Fig. 2.8. Digital Instruments NanoScope IIIa Scanning Probe 
Microscope was used to investigate the surface characteristics of the polymeric films in 
tapping mode. Wxsm 4.0 is the software purchased from WXSM Corporation used to 
calculate the surface related parameters. Tapping mode AFM was used for surface 
imaging and roughness measurement of polymeric thin films. Polymeric thin films are 
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2.2.6 Photoluminescence   
Absorption of incident light with certain energy by a molecule excites it from the 
electronic ground state to one of the many higher electronic energy states. The exited 
state can photo radiates and returning to a lower energy state. The whole process is called 
photoluminescence arising from photoexitation. Collision is the main way of losing 
energy to other molecules in this exited state by quickly falling to the lowest energy state. 
The molecule will also partition the excess energy to other possible modes of vibration 
and rotation.  Fig. 2.9 shows the various steps involved in the photoluminescence 
process. If the molecule returns to the electronic ground state by emission of a photon 
from the excited singlet state, it is called as fluorescence. If a molecule which absorbs 
UV radiation does not fluoresce it means that it must have lost its energy by another 
mechanism. These processes are called non-radiative transfer of energy.  
 
 
Fig. 2. 9 Schematic diagram illustrating the various steps involved in the 
photoluminescence process (1) absorption of the photon, (2) photoluminescence and (3) 
vibrational relaxation. 
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In the current work, photoluminescence measurements were taken using a luminescence 
spectrophotometer (PERKIN ELMER LS50B). To study the extent of photoluminescence 
quenching, films were deposited on glass substrate such that only one interface effect was 
dominant. The scanning region was from 565 nm to 900 nm. Emission and excitation slit 
widths were fixed (10 nm) for all the studies. Excitation wavelength used was 535 nm, 
which is the absorption maximum for pristine PQT-12. The same wavelength was used to 
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Effect of composition and solvent on the as-
deposited device performance 
3.1 Introduction 
Blends of regio-regular poly(3,3’’’-didodecyl quaterthiophene) (PQT-12) with (6,6)-
phenyl-C71-butyric acid methyl ester (C70PCBM) were investigated as active layers for 
application in organic photovoltaics (OPV). In the present work, we report the effect of 
composition on the performance of bulk heterojunction solar cells made from blend films 
of regio-regular-PQT-12 and C70PCBM. Since both materials are used together for the 
first time to our knowledge, a detailed study on the optimum composition ratio was first 
performed. It is well known that that optimum composition ratio for polymer solar cells is 
extremely important. For example in regio-regular P3HT:C60PCBM bulk heterojunction 
devices, considerably smaller fullerene contents (1:0.8) yielded optimum solar cell 
efficiencies [1] compared to MDMO-PPV:PCBM where a ratio of 1:4 was best. By 
careful control of the PQT-12:C70PCBM composition ratio, power conversion 
efficiencies (η%) of 0.65% could be obtained in as-deposited thin films. A monotonous 
decrease in the power conversion efficiency was observed at lower and higher C70PCBM 
concentrations in the blend. Compositional dependence on the incident photon 
conversion efficiency (IPCE), short circuit (Jsc), fill factor (FF) and open circuit voltage 
(Voc) was also observed. Absorption spectra and photoluminescence studies were used to  
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understand the effect of composition on device performance. The observed trend was 
explained on the basis of the balance between free charge carriers generation (the ease of 
excitons dissociation at the heterojunction interface) and transport of the generated free 
charge carriers upon dissociation, with in the device. Furthermore, it has been determined 
that the choice of the solvent (from which the blend film was spin coated) also 
significantly influences the device efficiency [2]. For optimizing the device performance, 
solvents with different boiling points were studied and the blend devices prepared from 
chlorobenzene showed better performance compared to other solvents. Better 
performance of the devices prepared from chloroform was explained on the basis of 
nano-morphology. Atomic Force Microscopy (AFM) topographical analysis was used to 
study the nano-morphology. Nano-scale phase segregation was observed in blend films 
prepared from trichloroethane (TCE) and dichlorobenzene (DCB). Phase segregation was 
indicated by the presence of aggregates in the AFM topographical scan. Optical 
microscopic studies were used to study the macro-scale morphology of the blend devices. 
Optical absorption coefficient studies were correlated with the IPCE measurements for 
better understanding of the influence of solvent selection on device performance.   
   
3.2 Results and Discussion 
3.2.1 Materials selection for the preparation of solar cells  
Absorption coefficient studies provide better understanding of a particular material in 
terms of the usage of the sun spectrum for efficient energy conversion. The pristine films 
of PQT-12 and C70PCBM were spin coated from a solution having a 24mg/ml 
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concentration at 2000rpm for 60s using chlorobenzene (CB) as the solvent. Thickness of 
the pristine PQT-12 and C70PCBM films (measured by depth profilometer, model no 
(KLA-Tenchor P10) was 220 nm and 80 nm respectively. The thickness was an average 
of 5 measurements taken at different locations of the films. 
 

















PQT-12 220 215 225 217 223 220 3.69 




Fig. 3. 1 Variation of the absorption coefficient for the pristine films of PQT-12 and 
C70PCBM.  
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Absorption coefficients were calculated taking the average thickness into account by 
using the method described in section 2.2.3. Variations of the absorption coefficient for 
the pristine films of C70PCBM and PQT-12 are shown in Fig. 3.1.  
PQT-12 shows 2 peaks at 500 nm and 535 nm and one shoulder at 571 nm. The first two 
peaks can be attributed to the π–π* transition [3, 4], whereas the shoulder is due to the 
inter-chain interactions [5, 6]. C70PCBM shows 2 kinks around 378 and 480 nm 
respectively. The peak at 480 nm can be attributed to the formation of intramolecular 
Frenkel excitons [7]. The peak at 378 nm may be attributed to the parity allowed 
transition from the ground state to the upper excited state [8]. In case of C60 and 
C60PCBM similar feature was observed [7] at 335 nm and the observed red-shift for 
C70PCBM is mainly due to the molecular structural difference. Clearly, PQT-12 has a 
better stronger absorption compared to C70PCBM in the range from 450 nm to 625 nm. 
But C70PCBM also has significant absorption in the range from 350 to 700 nm. The term 
significant indicates that C70PCBM has nearly half the absorption coefficient * (α=8X105 
cm-1) value compared to PQT-12 ((α=16X105 cm-1), which is not the case for C60PCBM 
(α=2.5X104 cm-1) [7]. * All the absorption coefficients were compared at 525 nm, which 
is PQT-12 absorption maximum. C60PCBM, the most commonly used acceptor, suffers 
from poor absorption in the visible spectrum from 300 to 370 nm. From the absorption 
point of view, the higher absorption coefficients in the range from 350 to 700 nm 
suggested that C70PCBM can be a potential replacement for C60PCBM [9]. PQT-12 has 
shown stronger absorption in the range from 400 nm to 625 nm and C70PCBM has shown 
stronger absorption in the remaining wavelength region (300-400 nm and 625-700 nm). 
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So in case of the blend films prepared from PQT-12 and C70PCBM, better absorption in 




Fig. 3. 2 Energy levels diagram of the device prepared from PQT-12/C70PCBM blend 
using ITO as bottom contact and Ca as top contact. Since ITO and Ca are considered as 
metals here, fermi energy levels of the both are shown.  
 
  
Proper selection of the bottom and top electrodes also plays an important role in 
determining the device performance [10-14]. Absorption of the photon will create the 
bound electron-hole pair, called as exciton. The bottom and top electrodes must be 
properly selected in order to dissociate the bound exciton – on the order of 0.3-0.5eV -
using the built in electric field. The difference in the work functions of the bottom and 
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top electrodes will create the built in electric field. We have identified ITO as the anode 
and Ca as the cathode. The energy levels of the system are shown in Fig. 3.2. Excitons 
will be dissociated at the PQT-12 and C70PCBM interface. C70PCBM will collect the 
electrons and hence is called acceptor hereafter. Electrons will be eventually collected by 
the ITO contact through C70PCBM network. PQT-12 will collect the holes and hence is 
called donor hereafter. Holes will be collected by the Ca contact. The theoretical Voc can 
be given from the difference between HOMO of the donor and LUMO of the acceptor, 
and is estimated to be 1.54 V in our case.  
After selecting the proper components for the device, different parameters have to be 
optimized in order to achieve the best device performance. Among the different 
parameters for device optimization, the donor to acceptor ratio (PQT-12:C70PCBM wt% 
ratio) is a key parameter to start with as absorption of the blend device mainly depends on 
this [15, 16].  Good absorption of the blend device is the first and foremost requirement 
for efficient solar energy conversion (see section 1.3.2) 
 
3.2.2 Effect of the blending ratio  
3.2.2.1 Solar cell performance  
Bulk-heterojunction solar cells were prepared with varying PQT-12 to C70PCBM 
compositions in the blend films. Blend films were spin coated at 2000rpm for 60s from a 
solution with an overall concentration of 24mg/ml in the chlorobenzene solvent. The 
device preparation was described in Chapter 2.1. Current density-voltage (J-V) 
measurements were performed under the AM 1.5G conditions for a better understanding 
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of the device performance.  J-V characteristics for the blend films spin coated from 
different donor to acceptor compositions (PQT-12:C70PCBM) are shown in Fig. 3.3.  
 
 
Fig. 3. 3 Illuminated J-V characteristics of the blend films spin coated from different 
donor to acceptor ratios (PQT-12:C70PCBM).  
 
Devices prepared from a 1:2 ratio showed the best power conversion efficiency when 
compared to other devices and the calculated power conversion efficiency using the 
equation (2.9) was 0.65%. In order to make sure that 1:2 ratio was the best performing, 
devices were prepared from slightly lower and higher C70PCBM concentrations (1:1.5 
and 1:2.5 ratios) in the blend. Slightly lower efficiencies of 0.35, and 0.45 were achieved 
for the devices prepared from 1:1.5 and 1:2.5 ratios. Reasonable VOC in the range of ~0.5 
V to ~0.7 V were achieved for different donor to acceptor ratios that is less than the 
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predicted Voc of 1.54 V. In polymer/fullerene solar cells, limitations of the open-circuit 
voltage have been attributed to Fermi level pinning [16] and to band bending [17] at the 
contact due to the injection of charges.  
 
Table 3. 2 Device parameters of the blend films spun from different donor to 













2:1 0.51 26.1 0.56 0.08 
1:1 0.54 30.7 1.60 0.27 
1:1.5 0.64 30.0 1.90 0.35 
1:2 0.70 33.4 2.75 0.65 
1:2.5 0.74 33.3 1.64 0.45 
1:3 0.52 25.0 0.18 0.02 
1:4 0.52 28.5 0.16 0.02 
 
The main difference in the device performance for varying donor/acceptor ratios was due 
to the short circuit current densities (Jsc). Jsc is affected by the free charge carriers 
generation and transport in the device. Detailed study on the reasons for the device 
performance was presented in the following sections. Device parameters are summarized 
in Table 3.2 and show that the Jsc was increased up to a 1:2 ratio and then decreased. Jsc 
values indicated the insufficient balance between absorption and charge transport for 
higher and lower C70PCBM concentrations in the blend. The FF also increased up 1:2 
(66% by weight C70PCBM in the blend) and then decreased. The higher FF and Jsc were 
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mainly responsible for the better performance of the device prepared from1:2 ratio. It is 
proposed that the devices prepared from this ratio facilitated better charge generation and 
transport. To understand the balance between absorption, charge carrier generation and 
charge transport in the blend, absorption coefficient and photoluminescence studies were 
performed (will be discussed in the following sections) as a function of different donor to 
acceptor compositions (PQT-12:C70PCBM). 
 
 
Fig. 3. 4 IPCE measurements for the blend films spin coated from different 
donor/acceptor ratios (PQT-12:C70PCBM).  
 
IPCE measurements were performed to evaluate the effect of the donor/acceptor ratio 
(PQT-12:C70PCBM) on device performance over the wavelength range from 350-700 nm 
(Fig 3.4). IPCE data revealed again that a ratio of 1:2 (PQT-12:C70PCBM) provided the 
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most efficient devices for all combinations studied. For example, this ratio provided a 
maximum IPCE at 475 nm of over 28%, while 1:1 provided 17% and 1:2-4 <4%. From 
the normalized absorption spectra of PQT-12 and C70PCBM shown in the Fig. 3.6, it can 
be deduced that the peak IPCE value at 475 nm is a combination of both materials, which 
is not the case for systems using C60PCBM that does not absorb above 375 nm. Since 
C60PCBM has no significant absorption above 375 nm, it can not contribute to the peak 
at 475 nm. C70PCBM has shown significant absorption compared to C60PCBM above 375 
nm (which in nearly half in magnitude to that of PQT-12). Hence, we can conclude that 
the observed peak at 475 nm this was contributed from both PQT-12 and C70PCBM. The 
observed low IPCE for higher and lower C70PCBM contents in the blends was mainly 
attributed to the delicate balance between absorption and charge transport. PL and 
absorption coefficient studies were used later in the section to analyze the delicate 
balance.  
 
3.2.2.2 Optical properties of the blend films  
Thicknesses of the films were measured by depth profilometry (KLA-Tenchor P10) by 
averaging five readings at different locations near the center of the blend film. Thickness 
of the blend films decreased with increase in C70PCBM content in the blend composition. 
Blend films spin coated from 2:1 composition showed highest average thickness around 
177 nm. Blend films spin coated from higher C70PCBM content (1:4 ratio) showed lowest 
thickness around 114 nm. Blend films spin coated from 1:1, 1:2 and 1:3 compositions 
have average thickness values around 145 nm, 119 nm and 117nm respectively. Since 
C70PCBM is a small molecule and PQT-12 is a polymer, C70PCBM will occupy less 
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volume compared to PQT-12. Hence increase in C70PCBM decreases the thickness.   
Absorption coefficients from the absorbance spectra were calculated using the above 
mentioned thicknesses. Variation of the thickness of the blend films as a function of 
C70PCBM concentration in the blend (wt%) is shown in Fig. 3.5. 
 
 
Fig. 3. 5 Variation of the thickness of the blend films as a function of C70PCBM 
concentration in the blend (wt%).  
 
Variation of the thickness for different blend compositions is shown in Fig. 3.5. Best 
device efficiency was achieved for 120 nm thick layer (1:2 blend ratio). Absorption 
coefficients were calculated over the wavelength range from 350-700 nm. It was found 
that the absorption spectrum of the composite structures becomes broad with addition of 
C70PCBM, which is highly desirable for a photovoltaic device. PQT-12 has shown 
stronger absorption in the range from 400 nm to 625 nm and C70PCBM has shown higher 
absorption in the remaining wavelengths (300-400nm and 625-700nm). Hence, increased 
                                Effect of composition and solvent on the as-deposited device performance 
 
 58
amount of C70PCBM contribution was expected from higher amounts of C70PCBM in the 
blend. This explains the broadening of the blend absorption spectrum in terms of 
absorbing region. However, the absorbance was found to decrease significantly with the 
addition of C70PCBM and for PQT-12:C70PCBM::1:4 the absorbance is found to be 
reduced about three times. Since over all concentration is kept constant, reduction in 
absorption of the blend was observed because strong absorbing material (PQT-12) was 
replaced by weak absorbing material (C70PCBM).   Not surprisingly, 2:1 blend film with 
higher PQT-12 content showed higher absorption coefficients in the range from 425 nm 
to 625 nm. Increasing the C70PCBM content in the blend decreased the absorption 
coefficient in this range but simultaneously increased the absorbing wavelength range 
from 300 nm to 650 nm. With increasing amount of C70PCBM in the blend, absorption in 
the range from 350 nm to 400 nm 
 
 
Fig. 3. 6 Variation of the Absorption coefficient for the blend films spun from different 
donor to acceptor compositions (PQT-12:C70PCBM).  
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increased accordingly. A significant feature of the result was that an increase in the 
C70PCBM concentration shifted the absorption maximum peak from 480 nm towards the 
pristine C70PCBM. Maximum flux point in the solar emission spectrum is lying around 
700 nm (determined from solar spectrum). This absorption maximum peak shift towards 
the lower wavelengths is not preferred because we are moving away from the maximum 
flux point. For all the blend compositions, the peaks at about 376 nm and at around 480 
nm were contributed by C70PCBM (see Fig. 3.1) and from a combination of C70PCBM 
and PQT-12, respectively. From the above results it is clear that the best performing 
device (1:2 ratio) is not the best absorbing one. This suggests the need to understand the 
other important aspects in solar energy conversion, junction formation, where bound 
excitons resulted from absorption will be dissociated in to free charge carries for 
collection. Exciton dissociation at the interface can be understood from 
photoluminescence measurements. Efficient exciton dissociation at the donor-acceptor 
interface is a requirement for better device performance.  
Comparison of the photoluminescence of PQT-12 with that of the blend films provides 
the information on the exciton dissociation efficiency. Room-temperature PL spectra of 
pristine PQT-12 and blends have been obtained using PerkinElmer PL (model LS-50B) 
system. We selectively excited pristine PQT-12 and blend films at 535 nm, which is the 
absorption maximum for pristine PQT-12. At this wavelength C70PCBM is slightly 
absorbing and we clearly detected the PL of the PQT-12 in the blend film. Interestingly, 
PL of the PQT-12:C70PCBM blends quenched to about 5% of the pristine PQT-12 layer 
emission indicating that 95% of the excitons are dissociated (see Fig. 3.7). 





Fig. 3. 7 PL spectra for the blend films spun from different donor to acceptor 
compositions (PQT-12:C70PCBM).  
 
The PL peak was shifted from 665 nm (for pristine PQT-12 film) to 680 nm upon the 
addition of C70PCBM - this has been previously observed and reported as a nano-
morphology effect [18, 19]. The highest PL signal for 2:1 blend concentration indicates 
the inefficient exciton dissociation at the interface. An increase in the C70PCBM 
concentration resulted in the quenching of the PL signal further. The following 
conclusions can be made from the above discussion  
1) A higher concentration of C70PCBM is preferred for achieving better exciton 
dissociation. 
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2) A higher C70PCBM concentration results in a significant decrease in the absorption 
and the movement of the absorption maximum away from the maximum flux point, lying 
around 700 nm. 
For better collection of charges, there should be an optimum C70PCBM concentration 
which can satisfy both absorption and dissociation of the excitons generated up on 
absorption. From the J-V measurements and IPCE measurements, the sample with 1:2 
ratio performed better compared to samples with other ratios. Hence, it can be concluded 
that the balance between the absorption and charge carriers dissociation was mainly 
responsible for the better performance of the device prepared form 1:2 ratio. In addition 
to absorption and charge carrier generation at the interface, one more important 
parameter that controls the device performance is charge carrier transport to the 
respective electrodes. FF values give the information regarding the charge carrier 
transport [20]. After dissociation of excitons at the heterojunction interface free charge 
carriers have to travel to the respective electrode for collection. Highest FF values for 
the1:2 ratio sample indicated good charge carrier transport. 
   
3.2.3 Effect of solvent selection 
3.2.3.1 Solar cell performance 
In the organic photovoltatic (OPV) community it is well understood that an 
understanding of the nano-morphology of the organic photoactive layer is needed for 
improving device performance [21]. The nano-morphology is mainly dependent on the 
processing conditions such as solvent selection, miscibility of materials, and annealing. 
With respect to solvents, it was found that changing the solvent from toluene to 
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chlorobenzene increased the device performance for the MDMO-PPV: PCBM system 
[2]. A coarser phase separation was found to be responsible for a lower device 
performance for the toluene cast blends. Hence, suitable solvent must be selected which 
results in good micro and nano-scale morphologies, favorable for better device 
performance [22, 23]. In order to select the optimal solvent, all the other variables like 
blend composition, overall concentration of the solution and spinning speed were kept 
constant. We have selected 4 solvents with different boiling points - chloroform (CF), 
trichloroethane (TCE), chlorobenzene (CB) and dichlorobenzene (DCB). Boiling points 
of the solvents are in the following order, CF (61.2°C) <TCE (110°C) <CB (131°C) 
<DCB (180°C).  Devices were prepared from blend solutions with overall concentration 
24mg/ml at 2000rpm for 60s. Donor/acceptor ratios in the blend solution were kept 
constant as 1:2 (PQT-12:C70PCBM). J-V measurements were performed for these devices 
under the AM 1.5G conditions. J-V characteristics of the devices spin coated from 
different solvents under the AM 1.5G conditions are shown in Fig. 3.8. Clearly, device 
spin coated from CB showed better power conversion efficiency when compared to other 
devices. The calculated power conversion efficiency was 0.65% for CB spun device. 
Next highest power conversion efficiency around 0.23% was achieved for CF spun 
devices. TCE and DCB spun devices showed very low efficiencies compared to CF and 
CB spun devices. ~0.7 V open circuit voltage (VOC) was achieved for CB spun device. 
VOC around ~0.48 V was achieved for TCE and DCB spun devices. VOC values for these 
two devices was greater than that of the CF spun device (~0.4 V), but still the overall 
power conversion efficiency of these 2 devices was very low compared to the CF spun 
device. 




Fig. 3. 8 J-V characteristics of the devices spin coated from different solvents CF, TCE, 
CB and DCB under the AM 1.5G conditions. 
 
  This was because of the much higher Jsc value for CF spun compared to TCE and DCB 
spin coated devices.  The higher value of Voc and Jsc were mainly responsible for the 
better performance of the device spin coated from CB and higher Jsc value was related to 
the good transport of the dissociated charges in the device compared to others. Device 
parameters are summarized in Table 3.3. TCE and DCB spun devices suffered from very 
low Jsc and it explains the low power conversion efficiencies compared to CF and CB 
spun devices. For better understanding of the charge carriers dissociation and transport, 
nano-scale morphology of the blend needs to be studied. A larger phase separation results 
in an inefficient device due to the less junction area.  
 
                                Effect of composition and solvent on the as-deposited device performance 
 
 64
Table 3. 3 Device parameters of the blend films spin coated from different solvents CF, 
TCE, CB and DCB. 
 








Fill factor (%) 
CF 0.23 0.48 1.76 27.6 
TCE 0.005 0.40 0.05 25.6 
CB 0.64 0.70 2.75 33.4 




Fig. 3. 9 IPCE measurements for the devices prepared from different solvents, CF, TCE, 
CB and DCB. 
 
IPCE measurements for the devices prepared from different solvents, CF, TCE, CB and 
DCB are shown in Fig. 3.9. Blend device spin coated from CB showed the highest IPCE 
around 28% and again indicated that CB is the best solvent among the other solvents 
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tested. The next highest IPCE around 12% was achieved for the device spin coated from 
CF. Devices spin coated from DCB and TCE showed <6% IPCE and confirmed the low 
device performance compared to CB and CF spin coated devices.  
 
3.2.3.2 Optical properties of the blend films 
Thickness of the films was measured by depth profilometer (model no KLA-Tenchor 
P10). Films spin coated from CF showed the highest average thickness of 220 nm. Films 
spin coated from DCB showed lowest average thickness, 95nm. Films spin coated from 
TCE and CB have average thicknesses around 155 nm and 113 nm respectively. The 
thickness of the spin coated films was varying in accordance with the boiling point of the 




Fig. 3. 10 Variation of the thickness with the selection of the solvent. 
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Absorption of the blend film will influence the final performance of the device, which in 
turn depends on the solvent used to spin coat the film. Blend films were spin coated from 
a solution with an overall concentration of 24mg/ml at 2000rpm using CF, TCE, CB and 
DCB as solvents. Donor (PQT-12) to acceptor (C70PCBM) ratio used was 1:2 in weight. 
Variation of the absorption coefficient for the blend films spun from different solvents, 
CF, TCE, CB and DCB is shown in Fig. 3.11.  
 
 
Fig. 3. 11 The absorption coefficient varying with wavelength for the blend films spun 
from different solvents, CF, TCE, CB and DCB. 
 
The above mentioned thicknesses were used to calculate the absorption coefficient from 
absorbance spectra using the method described in chapter 2.3. The absorption maximum 
of the film spin coated from DCB and TCE is observed at 534 nm and 529 nm, 
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respectively. There is no observable peak for the films spin coated from DCB and TCE 
around 378 nm and most of the absorption lies in the wavelength range from 400 nm to 
625 nm. The shape of the absorption spectrum looks similar to the pristine PQT-12 
spectrum with 3 kinks present. The absorption maximum of the films spin coated from 
CB and CF is observed at 484 nm and 473 nm, respectively. The peak at 378 nm in both 
spectra is caused by C70PCBM. The absorption band edge of the films spin coated from 
CB, DCB, CF and TCE is observed at 700 nm, 657 nm, 650 nm and 636 nm, 
respectively. This indicates the degree of PQT-12 ordering is higher in the case of using 
CB [22].  
 
 
Fig. 3. 12 Variation of the Absorption coefficient for the blend films spun from different 
solvents after annealing at 140oC for 10 min (thin lines for as-deposited films are also 
shown for reference).   




To investigate further the reasons for disordering in the other films, annealing was done 
at 140oC for 10 min under nitrogen atmosphere. Fig. 3.12 shows the variation of 
absorption coefficient for the as-deposited and annealed films from CF, TCE, CB and 
DCB. After thermal annealing there is no change in the absorption maximum position of 
all the films. After thermal annealing, the absorption spectra of the CB spin coated film 
remains unchanged, while all other films have shown increased absorption. The 
absorption band edge for the films spin coated from DCB is changed from 657 nm to 675 
nm. In case of CF spin coated films, absorption band changed from 650 nm to 658 nm. A 
similar red shift is observed from 636 nm to 650 nm for TCE spin coated films. The 
changes in the absorption spectra of the films spin coated from DCB, CF and TCE after 
annealing are due to the molecular diffusion of the C70PCBM out of the polymer matrix, 
which increases the degree of PQT-12 chain ordering [17]. This confirms that there was 
disorder induced by the C70PCBM in PQT-12 chains when spin coated from TCE, DCB 
and CF. Of these three films, the absorption edge of the film spin coated from CF is 
shifted only by 8 nm, which indicates the presence of relatively low disorder in the PQT-
12 chains comparing to DCB and TCE. Similar behavior was observed in case of CB and 
CF casted films from P3HT and PCBM [23]. From the above discussion, it can be 
concluded that higher molecular diffusion of C70PCBM induced disordering in PQT-12, 
for the films spin coated from solvents other than CB. Absorption of the films spin coated 
from CB is reduced because of the increased ordering compared to the films spin coated 
from other solvents. Although absorption is partially reduced, an increased ordering of 
the PQT-12 chains in the blend is expected to greatly help in the device performance, 
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facilitating increased charge mobility to reach the respective electrode before 
recombination. Higher Jsc values for CB spin coated device confirm the advantage of 
these films in terms of better transport and collection of the charges facilitated by the 
ordering in the PQT-12 chains in the blend. 
Since the amount of PQT-12 in the blend was kept the same in the solutions prepared 
from different solvents, the total amount of PQT-12 may be almost the same for all spin 
coated films. The changes in the absorption spectra of the films spin coated from these 
different solvents can be attributed to the interaction between the polymer and C70PCBM. 
From the above discussion, it has been understood that C70PCBM caused disorder in the 
blend films spin coated by CF, TCE and DCB and blend films prepared from TCE and 
DCB appeared similar to the pristine PQT-12 spectra which may be due to large amount 
of phase segregation. For a better understanding, nano-morphology of the blend films 
was studied using AFM. 
 
3.2.3.3 Atomic force microscopy studies 
The topographic images of the blend films spin coated from different solvents, CF, TCE, 
CB and DCB are shown in Fig. 3.13. The blend film spin coated from CB showed 
excellent miscibility between the PQT-12 and C70PCBM which resulted in larger 
heterojunction surface area helping the better dissociation of the excitons compared to 
devices spin coated from other solvents. Devices spin coated from CB have the advantage 
of good ordering of the PQT-12 chains in the blend which were not destroyed by 
C70PCBM when spin coated. So, combining these 2 effects we can understand the better 
performance of the devices spin coated from CB. Films from TCE and DCB showed 
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significant amount of phase separation compared to CB spun blend films. Large amounts 
of nano-scale phase separation were the main reason for the poor power conversion 
efficiencies of the devices spun from TCE and DCB. This phase separation reduces the 
PQT-12 and C70PCBM interaction in terms of heterojunction surface area which in turn 
reduces efficient exciton dissociation at the D/A interface. The main reasons for the low 
power conversion efficiencies of the devices spin coated from DCB and TCE can be 
summarized as 1) the disorder in the PQT-12 chains caused by the C70PCBM and 2) the 















Fig. 3. 13 Atomic force microscopy (AFM) images of the blend films spin coated from 
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Blend film spin coated from CF also showed phase segregation but surprisingly showed 
better device performance compared to the devices spin coated from TCE and DCB. This 
was attributed to the observed presence of relatively lower disorder in the PQT-12 chains 
when compared to DCB and TCE. Relatively lower thickness of the device spun from CF 
compared to the devices prepared from TCE and DCB was possibly another factor 
responsible for the better performance facilitated by better transport of the charge carriers 
before they recombine. To understand the better performance of the devices spin coated 
from CF compared to DCB and TCE, optical microscopic studies were performed.  
 
3.2.3.4 Optical microscopy studies 
Optical microscopic studies help in understanding the macro-scale morphology of the 
thin film devices [24]. Optical images of the devices spun from chloroform (CF), 
trichloroethane (TCE), chlorobenzene (CB) and dichlorobenzene (DCB) are shown in 
Fig. 3.8. Boiling points of the solvents are in the following order, CF <TCE<CB<DCB. 
Devices spin coated from CF and TCE showed very rough surfaces compared to the 
devices spun from CB and DCB. Relatively smooth surfaces were achieved for CB and 
DCB. Because of the relatively higher boiling points compared to CF and TCE. Slower 
evaporation rates allowed better film formation before the solvents evaporate. The 
difference in the color of the films was mainly attributed to the difference in the 
thickness. From visual observations it can be judged that the film spin coated from CF 
showed rough surface compared to the film prepared from TCE. A rougher CF film has 
advantage of larger interface area with the electrodes which in turn helps in a better 
collection of the dissociated charges. Better device performance of CF spin coated 
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devices can be understood considering this advantage along with observed presence of 
relatively lower disorder in the PQT-12 chains when compared to DCB and TCE.  
 
                        
                           (a)                                                                             (b) 
                        
                         (c)                                                                               (d) 
 
Fig. 3. 14 Optical images of the devices spin coated from different solvents (a) CF, (b) 








3.3 Summary and conclusions 
Regioregular poly(3,3’’’-didodecyl quarter thiophene) (PQT-12) was identified as a 
potential candidate for organic solar cell application. We have used PQT-12 and 
C70PCBM together for the first time to create the blend films for application in organic 
photovoltaics (OPV) as the photoactive layer. Absorption coefficient studies on pristine 
and blend films supported the use of C70PCBM as a potential replacement for the most 
commonly used acceptor, PCBM. Effect of the donor to acceptor ratio in the blend (PQT-
12: C70PCBM) was studied and 1:2 ratio was found to be the optimum composition ratio. 
A top efficiency of 0.65% was achieved without any thermal annealing for this optimum 
ratio when spin coated from chlorobenzene at 2000rpm for 60s. The obtained power 
conversion efficiency for our system is very encouraging as a preliminary result and 
further device optimization by tuning parameters such as annealing could be interesting. 
A decrease in the power conversion efficiency was observed at lower and higher 
C70PCBM concentrations in the blend. Photoluminescence and absorption coefficient 
studies in section 3 revealed that competition between absorption of the photons and 
dissociation of the bound excitons (generated up on absorption) into free charge carriers 
will decide the device performance. It was proposed that for the 1:2 ratio, there exists a 
balance between these two and responsible for better performance compared to other 
ratios. Furthermore, device optimization was done by selecting suitable solvent. Devices 
spin coated from CB showed improved power conversion efficiencies compared to other 
solvents. Absorption coefficient studies listed in section 4 revealed that disordering in the 
PQT-12 chains was induced by C70PCBM, when spin coated from solvents other than 
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CB. The observed disorder was one of the main reasons for the observed low power 
conversion efficiencies. AFM and optical microscope studies were performed to 
understand the device performance in terms of micro and macro-scale morphology of the 
photoactive layer. Combining the studies on compositional dependence and effect of the 
solvent on power conversion efficiencies, we found that efficiency of 0.65% could be 
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Effect of processing parameters and the use of an 
inorganic acceptor on device performance 
4.1 Introduction 
In this chapter, the effect of thermal annealing on the performance of bulk heterojunction 
solar cells made from blend films of regio-regular poly(3,3’’’-didodecyl quaterthiophene) 
(PQT-12) with (6,6)-phenyl-C71-butyric acid methyl ester (C70PCBM) is reported; in 
addition, the replacement of C70PCBM by an inorganic acceptor (CdS) is studied. Since 
the as-deposited blend films showed promising results for the application in organic 
photovltaics (OPV), a detailed study on the optimum thermal annealing was performed. It 
has been determined that annealing significantly increases device efficiency [1]. For 
example in regio-regular-P3HT:C60PCBM bulk heterojunction devices, annealing at 
higher temperatures increased the efficiency of the as-deposited blend films to reach 5% 
[2-4]. In our system, by careful controlling the thermal annealing temperature, power 
conversion efficiencies (η%) of 1.4% could be obtained for a 1:2 composition (PQT-12: 
C70PCBM by weight). A decrease in the power conversion efficiency was observed when 
blend devices were annealed at temperatures higher than 140ºC. Effect of thermal 
annealing on device parameters such as short circuit current (Jsc), fill factor (FF) and 
open circuit voltage (Voc) was also presented. Absorption coefficient, XRD and 
photoluminescence studies were used to understand the effect of thermal annealing on the 
device performance. The observed trend was explained on the basis of balance between 
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charge carriers dissociation and transport in the device. Furthermore, it has been 
determined that the spinning speed also significantly influences the device efficiency [5]. 
For optimizing the device performance further, different spinning speeds were studied 
and the blend devices spin coated at 2000rpm showed better performance. After 
optimizing different parameters like thermal annealing and spinning speed, the effect of 
an inorganic acceptor (CdS) in combination with PQT-12 was studied on the device 
performance. Different device architectures such as bi-layer and bulk heterojunctions 
based on CdS nano-particles were studied. Bulk heterojunction solar cells based on 
polymer and nano-size inorganic acceptor are recently getting more attention [6-8] 
because of the beneficial properties [9] such as 1) high electron affinities and electron 
mobilities, 2) absorption in the ultraviolet-visible and near-infrared region, which helps 
the absorption of the blend device in matching closely with the solar spectrum and 3) the 
tenability of absorption by controlling the size. The effect of CdS growth conditions on 
the device efficiency is also reported. 
 
4.2 Results and Discussion 
4.2.1 Differential scanning calorimetry (DSC) analysis  
Thermal stability and transitions of the new donor polymer PQT-12 were studied using a 
thermogravimetric (TGA) analyzer (model no Q500 V6.4 build 193) and a differential 
scanning calorimeter (model no Q100 V9.4 build 287). Universal V4.2E TA instruments 
software was used to analyze the data. Differential scanning calorimetric (DSC) scan for 
PQT-12 is shown in Fig 4.1. PQT-12 is stable up to 300ºC (determined from TGA 
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analysis and result is not shown). In the heating cycle, PQT-12 has 3 endothermic 
transitions. The first endotherm observed at ~105ºC corresponds to the C12 side chain 
melting of PQT-12. The two endotherms at ~120ºC and ~135ºC correspond to the 
crystalline-to-liquid crystalline and liquid crystalline-to-isotropic phase transitions, 
respectively [10]. In the cooling cycle, the exotherm at ~91ºC represents the liquid 




Fig. 4. 1 Differential scanning calorimetric scan for PQT-12. Second heating and 
cooling cycles are shown (Ramping rate was 10ºC per minute and external 
cooling system was used to control the ramping rate). Exo indicates exothermic 
reaction and it is shown by peak pointing upwards. 
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From the above discussion, it is understood that there is some response to heat treatment 
in the case of PQT-12. The thermal stability and transitions of the acceptor material 
C70PCBM were also studied using the thermogravimetric analyzer and the differential 
scanning calorimeter. C70PCBM is stable up to 300ºC (determined from TGA analysis 
and result is not shown). Differential scanning calorimetric scan is shown in Fig. 4.2 and 
there are no transitions observed. It has been previously shown that PQT-12 exhibits 
liquid crystalline properties between 120-140ºC [10]. Based on these results, 5 different 
annealing temperatures were selected, as-deposited, 110ºC, 140ºC, 160ºC, and 180ºC, to 
study the influence of annealing on the device performance. 
 
 
Fig. 4. 2 Differential scanning calorimetry scan for C70PCBM. Second heating 
and cooling cycles are shown.  
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4.2.2 Effect of annealing on different blend compositions 
4.2.2.1 Solar cell performance 
The above results showed that thermal annealing could change the donor material’s 
(PQT-12) performance. To utilize the thermal annealing response of PQT-12 and 
C70PCBM, different blend combinations, 2:1, 1:1, 1:2, 1:3 and 1:4 were tried to identify 
the optimal blend combinations. Blend films were spin coated at 2000rpm for 60s from a 
solution (CB was used as the solvent) with an overall concentration of 24mg/ml. 
 
 
Fig. 4. 3 Illuminated J-V characteristics of the blend films spun from different donor to 
acceptor compositions (PQT-12:C70PCBM).  
.  
Each blend device was annealed at different annealing temperatures, 110ºC, 140ºC, 
160ºC and 180ºC for 10 min on a hot plate in a nitrogen environment (glovebox). Fig. 4. 
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3. shows the (a) power conversion efficiency (η%), (b) open-circuit voltage (Voc), (c) 
short-circuit current density (Jsc) and (d) Fill Fcator (FF) as a function of C70PCBM 
weight percentage (wt%) in PQT-12:C70PCBM solar cells when annealed at different 
temperatures. For all the investigated annealing temperatures, again the 1:2 PQT-
12:C70PCBM ratio shows the best performance in terms of the investigated parameters.  
Based on the results described thus far, we then selected the 1:2 PQT-12:C70PCBM ratio 




Fig. 4. 4 J-V characteristics of the best performed device (1:2 wt% ratio), when 
annealed at 140ºC for 10 min in a N2 atmosphere. 
 
The photovoltaic parameters under illumination with white light (AM 1.5, 100 mW/cm2, 
Steuernagel 535, Germany)) are summarized in Table 4.1. The best performance was 
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obtained for the annealed device at 140ºC, which reached Voc  = 0.70V, FF = 0.38, and 
η=1.4% (Figure 4.3). It was observed that device annealing at 140ºC more than doubles 
the power conversion efficiency (AM 1.5G) of as-fabricated devices of 0.65% to reach 
1.40% (see Chapter 3). The slightly higher Voc compared to P3HT-C60PCBM solar cells 
[2,3] can be explained from the ~0.2eV higher HOMO level of PQT compared to P3HT 
(-5.24 vs. -5.00 eV), suggesting the potential of employing PQT in the solar cell. The 
obtained efficiency is comparable to the previous work on PQT based solar cells, in 
which, C60PCBM and PQT-DD were used as acceptor and donor respectively [11]. In this 
reported work, annealing above 50°C significantly reduced the device performance due to 
the lack of optimal ordering of both materials on nanoscale. The best PCEs obtained in 
our group for PQT-12:C60PCBM was 0.80% (unpublished result). The better 
performance compared to the C60PCBM cells can be partially explained by the increased 
contribution of the C70PCBM to the photocurrent because of improved morphology [12]. 
However, the best performance of the PQT:C70PCBM solar cells are still below the best 
reported PCBM:P3HT solar cells in literature, which may possibly be due to its early 
stage in the development. While the reported ordering of PQT is advantageous for 
organic field effect transistors (OFETs) devices, for Organic photovoltaics (OPV) it may 
prevent the formation of optimal nanostructures with PCBM. The key for the good 
performance of P3HT:PCBM blends is proposed to originate from the ordering of both 
materials on a nano-scale [13], it is then expected that the ordering of PQT and C70PCBM 
should be beneficial to the performance of our PQT:C70PCBM solar cells. 
It should be noted that the Voc of 0.70 V is approximately constant for all annealing 
temperatures except for 110ºC. The decrease in Voc at 110ºC for our system may be 
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attributed to the morphological changes associated with the transitions observed in the DSC 
thermogram (see Fig. 4.1). The efficiency (η%) increases up to 140ºC and then decreased. 
Since the Voc is almost constant, device efficiency is basically determined by the Jsc and FF 
response to the thermal annealing. Jsc and FF also increased up to 140ºC and then decreased. 
Crystallinity of PQT-12 was reported to increase on thermal annealing [14], which is 
expected to be one of the main reasons for the increase in Jsc upon annealing up to 140ºC. 
Increase in the Jsc indicates the better charge transport through the blend as a result of 
favorable morphologic changes. Increase in the FF also indicates the increased mobilities of 
the charge carriers which in turn is associated with the increased crystallinity. Absorption 
coefficient and photoluminescence (PL) studies were performed on 1:2 blend film to 
investigate the reasons for its better performance upon annealing.  
 
Table 4. 1 Comparison of device parameters of ITO/PEDOT:PSS/PQT:C70PCBM/Ca/Ag 
organic solar cells with different annealing temperatures processed from chlorobenzene. 
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4.2.2.2 Optical properties of the blend films  
The blend films were spin coated from the solution (1:2 PQT:C70PCBM wt% ratio) with 
a 24mg/ml concentration at 2000rpm for 60s and CB were used as the solvent. Films 
were annealed for 10 min under nitrogen atmosphere in a glove box. After annealing for 
10 min, films were immediately taken out of the hot plate and allowed to cool in the 
nitrogen atmosphere (quenched). Variation of the absorption coefficient for the blend 
film with 1:2 ratio (PQT-12:C70PCBM) is shown in Fig. 4.5.  Surprisingly there is no 
influence of thermal annealing on the absorption. Variation of the absorption coefficient 
for the pristine PQT-12 and C70PCBM films with thermal annealing were then studied for 
a better understanding.  The pristine films of PQT-12 and C70PCBM were spin coated 
from a solution with 24mg/ml concentration at 2000rpm for 60s and CB was used as the 
solvent. Due to the relatively high amounts of C70PCBM in the blend, response of PQT-
12 may be unobservable.  
 
 
Fig. 4. 5 Variation of the absorption coefficient for the 1:2 wt% (PQT-12:C70PCBM) 
blend film at different annealing temperatures. 
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Variation of the absorption coefficient in the range from 350 nm to 750 nm for the annealed 
pristine films of PQT-12 at different annealing temperatures is shown in Fig. 4.6.  
Absorption coefficient of the pristine PQT-12 films decreased with thermal annealing in this 
range. With annealing temperatures above 110ºC one can observe a progressive 
broadening of the spectra towards the longer wavelengths with increasing annealing 
temperatures. The resulting broadening is especially important for the short circuit 
current as the annealed films absorb close to the maximum flux point in the solar 
spectrum, lying around 700 nm.  Increased order in the pristine films upon annealing was 
responsible for the decreased absorption coefficients in the range from 350 nm to 750 nm. 
Crystallinity of PQT-12 was reported to increase upon thermal annealing [10]. These 




Fig. 4. 6 Variation of the Absorption coefficient for the pristine PQT-12 films when 
annealed at different temperatures. 
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Variation of the absorption coefficients for the annealed pristine films of C70PCBM at 
different annealing temperatures is shown in Fig. 4.6. Even after annealing at higher 
temperatures as high as 180ºC, absorption spectrum appeared similar to the absorption 
spectrum of the as-deposited films indicating no significant response to the thermal 
annealing for C70PCBM. DSC measurements also showed no observable transitions in 
case of C70PCBM. 
 
 
Fig. 4. 7 Variation of the absorption coefficient for the pristine C70PCBM films when 
annealed at different temperatures. 
 
The PQT-12 response in the 1:2 blend film was dominated by the higher C70PCBM 
concentration, hence there is no observable response to annealing. The interaction 
between PQT-12 chains and C70PCBM may be also another reason. It was found in 
chapter 3 that there was no disorder present in PQT-12 chains when spin coated from CB. 
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Hence, there is not much response from PQT-12 in the blend. More over, C70PCBM 
have not shown any response to heat treatment. Combining these two observations helped 
in understanding the 1:2 blend film response to annealing. The as-spin coated pristine 
PQT-12 films were amorphous and upon annealing crystallinity increases (results are 
shown later). Increase in crystallinity caused decrease in absorption of the pristine PQT-
12 films.   It is clear that the improved device efficiency is not because of changes in the 
absorption of the blend films. The next fundamental considerations that will affect the 
device performance are exciton dissociation at the interface into free charge carriers and 
transport of these carriers to the respective electrodes. To understand the process of 
exciton dissociation at the interface into free charge carriers, photoluminescence (PL) 
studies were performed.  
 
 
Fig. 4. 8  PL spectra of as deposited pristine PQT-12 and PQT-12:C70PCBM 
blend films after annealing at different temperatures for 10 min. 
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Photoluminescence (PL) spectra of the films of pristine PQT-12 and annealed 1:2 blend films 
were obtained by exciting the films with excitation wavelength of 535 nm (see Fig. 4.8). The 
peak around 600-800 nm is corresponding to the PQT-12. Annealing up to 140ºC quenched 
the PL signal effectively compared to the as-coated film of the pristine PQT-12. Upon 
annealing of the blend films above 140ºC, PQT-12 PL is again present, as a result of 
increased phase separation. The increased PL intensity likely results from the increase in 
PQT-12 domain size as a function of anneal temperature.  For example, exitons generated in 
the center part of the domain will recombine before reaching the D/A interface.  As the 
domain size becomes larger, the amount of recombination increases. The peak around 840 
nm is the second order peak from C70PCBM in the blend and the presence of this peak 
indicates C70PCBM is also separating from the polymer matrix. Good junction formation in 
terms of the PL signal quenching is mainly responsible for better performance of the devices 
annealed up to 140ºC. Increased phase separation results in lesser junction area available for 
exciton dissociation which is generated upon absorption. Decrease in Jsc values after 140ºC 
also supports the argument that increased phase separation is responsible for lowering of 
device efficiencies.  Atomic force microscope studies were used to understand the phase 
separation which is the main reason for the lowering of the annealed device performance 
after 140ºC. 
 
4.2.2.3 Atomic force microscopy studies 
The topographic images of the blend films prepared from the best performing ratio, 1:2 
(PQT-12:C70PCBM) at different annealing temperatures are shown in Fig. 4.9. Blend 
films were spin coated at 2000rpm for 60s from a solution with an overall concentration 
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of 24mg/ml and CB was used as solvent. Each blend device was annealed at different 


















(c)                                                                           (d) 
 
Fig. 4. 9  Topographic images of the blend films prepared from 1:2 (PQT-12:C70PCBM) 
ratio at different annealing temperatures (a) as deposited, (b) 110ºC, (c) 140ºC and (d) 
160ºC. 
 
Excellent miscibility between PQT-12 and C70PCBM was observed in case of the as 
deposited blend film. Annealed films at 140oC showed the presence of increased phase 
separated agglomerates compared to as deposited and 110ºC annealed films. The 
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presence of the agglomerates around 60-100 nm is the main reason for the better 
performance of the annealed device at 140oC. Percolation path ways for the free charge 
carriers play an important role in determining the device performance. If PQT-12 and 
C70PCBM chains are placed closely (excellent miscibility), the chance for exciton 
dissociation will increase. But, at the same time the free charges will encounter more 
number of opposite charge carriers and recombination will occur in the process of 
reaching other electrode. If agglomerates around 60-100 nm size are present, they may 
have better life time to reach the other electrode with out recombining. The size of the 
agglomerates should be optimal such that the charge carriers travel more distance with 
out recombining in their life time.  These agglomerates were grown in size upon 
annealing at 160ºC, which indicates that phase separation is increased. Combining the PL 
studies and AFM analysis, it can be concluded that annealing at higher temperatures 
resulted in the lowering of the device performance and the main reason for this is 
attributed to the increased phase separation. 
Next interesting question would be about the agglomerates. The topographic images of 
the 140ºC annealed 1:2 blend film and pristine PQT-12 films helped in identifying the 
agglomerates. The topographic images of the 140ºC annealed 1:2 blend film and pristine 
PQT-12 are shown in Fig. 4.10. Annealed pristine PQT-12 film shows the presence of 
agglomerates. Fewer agglomerates are present in the 1:2 blend film compared to the 
pristine PQT-12 film due to the reduced amount of PQT-12 (33%) in the blend. The 
above discussion confirms that the agglomerates mainly resulted from PQT-12 phase and 
increased PL signal from PQT-12 up on annealing also confirms this argument.  
 









               (a)                                                                                  (b)           
 
Fig. 4. 10 Topographic images of the 140ºC annealed (a) pristine PQT-12 and (b) 1:2 




                    (a)                                                       (b) 
 
Fig. 4. 11 (a) Top and (b) cross section views of the 140ºC annealed blend film 
prepared from 1:2 (PQT-12:C70PCBM) ratio. 
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The presence of the aggregates was also observed by SEM microscopy. Top and cross 
section views of the 140ºC annealed blend film prepared from 1:2 (PQT-12:C70PCBM) 
ratio are shown in Fig.  4.11. Films were deposited on top of PEDOT:PSS electrode in 
order to reflect the real films in the device. In the cross section view, the blend film and 
PEDOT:PSS electrode can be clearly distinguished. The observed agglomerates are not 
present in the cross section view indicating that the agglomerates are not extended to the 
bottom electrode. 
 
4.2.2.4 X-ray diffraction (XRD) studies    
So far, we have proposed the reasons for changes in efficiency in annealed devices in 
terms of exciton dissociation at the interface. XRD studies will help in understanding the 
next important step of charge transport on device performance. The XRD patterns of 
pristine PQT-12 films are shown in the Fig. 4.12. There is no observable crystalline phase 
for the as spun film – therefore it can be classified as amorphous. The film annealed at 
140ºC clearly shows the presence of crystallinity in terms of a peak at a 2θ value of 4.94º, 
representing an interplanar distance (d-spacing) of 3.9A [14]. This ordering is consistent 
with the increase in power conversion efficiency (PCE) observed The presence of the 
aggregates was also observed by SEM microscopy. Top and cross section views of the 
140ºC annealed blend film prepared from 1:2 (PQT-12:C70PCBM) ratio are shown in Fig.  
4.11. Films were deposited on top of PEDOT:PSS electrode in order to reflect the real 
films in the device. In the cross section view, the blend film and PEDOT:PSS electrode 
can be clearly distinguished. The observed agglomerates are not present in the cross 
section view indicating that the agglomerates are not extended to the bottom electrode. 





Fig. 4. 12 XRD patterns of pristine PQT-12 after annealing at different annealing 
temperatures for 10 min. 
 
Annealing at temperatures higher than 140oC shifted the peak towards the lower angels 
(from 4.94º to 4.51º for up to 180º C annealed films). Peak shift towards the lower angles 
indicated the increase in d-spacing between the polymer chains which are aligned parallel 
to the substrate. In the case of the annealed films beyond 140ºC, mobility of the charge 
carriers may decrease significantly because of the increase in d-spacing.  





Fig. 4. 13 XRD patterns of pristine C70PCBM after annealing at different temperatures 
for 10 min. 
 
XRD patterns of the pristine C70PCBM films are shown in the Fig. 4.13. The as spun 
films were crystalline (peak at 2θ=5.7º) with the degree of crystallinity not affected by 
annealing. Annealing at 110°C shifted the peak to lower angels (from 2θ=5.7º to 5.5º). 
Annealing beyond this temperature shifted the peak towards higher angels compared to 
110oC annealed films (to 5.7º) which indicated that the C70PCBM molecules are moving 
close to each other resulting in phase separation (which was also observed in PL studies).     





Fig. 4. 14  XRD patterns of 1:2 PQT-12:C70PCBM blend films (by wt%) after 
annealing at different temperatures for 10 min. 
 
XRD patterns of the blend films are shown in Fig. 4.14. In the blend films PQT-12 peaks 
are not present. The XRD pattern is similar to the XRD pattern of the pristine C70PCBM 
films. Peak for 180oC annealed sample shifted the peak again towards lower angel 
compared to 160oC annealed film. This may be attributed to the morphological changes 
associated due to large phase segregation. The strong influence of the C70PCBM was also 
observed in the absorption spectra of the blend. In case of the similar blend system based 
on PCBM and P3HT, only weak XRD patterns of the P3HT were reported upon 
annealing [15-17]. Combining the studies on the pristine films and blend films, it was 
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understood that increased d-spacing and phase separation of PQT-12 were the main 
reasons for the observed performance of the annealed devices at temperatures higher than 
140ºC. 
 
4.2.3 Effect of spinning speed 
After selecting the best donor to acceptor ratio, solvent and annealing temperature, we 
can select suitable spinning speed for optimizing the device efficiency. External quantum 
efficiency (EQE) measurements were performed to evaluate the effect of spinning speed 
on the device performance. EQE measurements for the devices spun at different spinning 
speeds, 1500rpm, 2000rpm, 2500rpm and 3000rpm are shown in Fig.  4.15. 
 
 
 Fig. 4. 15 EQE measurements for the devices spun at different spinning speeds, 
1500rpm, 2000rpm, 2500rpm and 3000rpm for 60s. 
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EQE measurements were recorded from 300 nm to 700 nm. Devices spun coat at 2000 
rpm showed the highest EQE around 21%. Blend devices spun at 1500 rpm and 2500 rpm 
showed EQE values comparable to the highest EQE achieved. Blend devices spin coated 
at 3000 rpm and 4000 rpm showed poor EQE values and it was attributed to the poor 
charge transport associated with the large amount of disorder in the device.  
 
 
Fig. 4. 16 Illuminated J-V characteristics of the devices spun at different spinning 
speeds, 1500rpm, 2000rpm, 2500rpm and 3000rpm for 60s 
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For a better understanding, J-V characteristics were performed under AM1.5 illumination 
conditions. J-V characteristics of the devices spun at different spinning speeds, 1500rpm, 
2000rpm, 2500rpm and 3000rpm for 60s are shown in Fig. 4.16. Device spun at 2000rpm 
showed better power conversion efficiency when compared to other devices and the 
calculated power conversion efficiency was 1.40%. Next highest power conversion 
efficiency around 0.76% was achieved for the device spun at 1500 rpm followed by 
0.68% for 2500rpm spun device. ~0.7 V open circuit voltage (Voc) was achieved for the 
device spun at 2000rpm. Voc around ~0.44 V was achieved for the devices spun at higher 
spinning speeds (3000rpm and 4000rpm).  
 
 
Fig. 4. 17 Variation of the Absorption coefficient for the blend films spun at different 
spinning speeds. 
 
Effect of processing parameters and the use of an inorganic acceptor on device performance 
 
 101
Thickness of the films were measured by depth profilometry (KLA Tenchor P10)) by 
averaging five readings at different locations near the center of the blend film. Thickness 
of the blend films decreased with increase in spinning speed. Films spin coated at 
1500rpm showed highest average thickness around 135 nm. Films spin coated at 
3000rpm have showed lowest thickness around 60nm. Films spin coated at 2000rpm, 
2500rpm and 3000rpm showed average thickness around 120 nm, 110 nm and 80 nm 
respectively. The above mentioned thicknesses were used to calculate the absorption 
coefficient from absorbance spectra using the method described in chapter 2. Absorption 
coefficients were calculated over the wavelength range from 350 nm to 700 nm (see Fig. 
4.17). Blend films spin coated at 4000rpm showed highest absorption coefficient where 
as blend films spin coated at 2000rpm showed lowest absorption coefficients. Increase in 
the absorption coefficients after 2000rpm was attributed to the relative disorder induced 
in the films because of less time available for rearrangement of the PQT-12 chains. 
Increasing spinning speed from 1500rpm to 2000rpm resulted in lower absorption 
coefficients indicating the blend film became more ordered compared to the blend film 
spun at 1500rpm. From the discussions in Chapter 3 and above, it is clear that Jsc and FF 
are the main contributors to the device efficiency and related to the dissociation of the 
excitons into free charge carriers and transport of these carriers to the respective 
electrodes. Blend devices spun at 3000 rpm and 4000 rpm suffered from low Jsc and FF 
values. These low Jsc and FF indicate poor dissociation of the charge carriers and 
transport which was attributed to the disorder induced in the system while spin coating. 
This explains the low power conversion efficiencies compared to the blend devices spin 
coated at 2000rpm. For the device spin coated at 2000rpm for 60s showed best 
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performance among all the different speeds tested and it was proposed that the 
percolation pathways and morphology are optimal for this spinning speed. 
 
4.2.4 Inorganic acceptor approach  
4.2.4.1 Device architecture 
 
 
Fig. 4. 18 Energy levels diagram of the device prepared from PQT-12/CdS using 
ITO as bottom contact and Ca as top contact. 
 
Since C70PCBM is more prone to oxidation because of its HOMO, LUMO levels 
positions, the use of C70PCBM is limiting the bulk heterojunction system application in 
open air (all the processing is done in N2 atmosphere). PQT-12 is stable in air when 
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compared to C70PCBM. If we can replace the C70PCBM with some inorganic acceptor 
material stability of the bulk heterojunction system can be improved. In order to use CdS 
as an acceptor material energy levels of the system have to be checked for the correct 
device architecture. The energy levels of the system are shown in Fig. 4.18. Excitons will 
be dissociated at the PQT-12 and CdS interface. CdS will collect the electrons and hence 
is called acceptor hear after. Electrons will be eventually collected by the ITO contact 
through CdS network. PQT-12 will collect the holes and hence is called donor hear after. 
Holes will be collected by the Ca contact.  
 
As a first attempt, bi-layer devices were prepared. The device architecture is shown in 
Fig. 4.19. 
                              
 
Fig. 4. 19  Bi-layer approach using CdS layer as inorganic acceptor. 
 
4.2.4.2 Solar cell performance 
CdS thin films were prepared by the chemical bath deposition method on ITO coated 
glass (see Chapter 2.3). The bath for synthesizing CdS contained the cadmium salt 
(CdCl2) as the source of cadmium (0.1 M), thiourea (0.1 M) as the source of sulfur and 
ammonia (14 M) as a complexing agent. Complexing agent amount was fixed at 100ml 
Acceptor layer, CdS 
Donor layer, PQT-12 
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and CdCl2–thiourea amount was varied in order to get the films with different 
thicknesses and morphology. The recipe was given in terms of the ratio CdCl2–thiourea-
complexing agent. 1-1-10 to 5-5-10 (CdCl2:thiourea:ammonia) combinations were tried. 
1-1-10 recipe means 10ml of CdCl2-10ml of thiourea-100ml of ammonia. Solar cell 
devices were prepared by spin coating the PQT-12 layer on top of the CdS layer at 2000 
rpm for 60s from a solution with 24mg/ml concentration (CB was used as solvant). The 
bi-layer films were annealed at 140ºC for 10 min under nitrogen atmosphere. Ca and Ag 
contacts were evaporated on top of PQT-12 film in order to complete the device 
structure. Unfortunately, all the devices were short circuited and no photovoltaic effect 
was observed. To investigate the reasons, SEM analysis of the CdS thin films were 
performed. Fig. 4.20 shows the SEM images of the CdS films deposited at different 
cdcl2–thiourea combinations. 
 
                      
                      (a)                                                            (b) 
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                     (c)                                                          (d) 
 
                  (e) 
 
Fig. 4. 20 SEM images of the CdS thin films deposited at different CdCl2-thiourea 
combinations, where ammonia is fixed (a) 1-1-10, (b) 2-2-10, (c) 3-3-10, (d) 4-4-
10 and (e) 5-5-10.  
 
It is clear that the film is not continuous when deposited at 1-1-10 combination. Film 
continuity is improved with increasing the CdCl2 and thiourea ratio. But still there present 
a lot of voids where the bottom electrode (ITO) can be seen. It was predicted that 
polymers penetrates into the voids and touches the other electrode (ITO) and this is the 
main reason for the device shorting. Learning form above, higher amounts of CdCl2 and 
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thiourea were used to overcome this problem. 10-10-25 (CdCl2:thiourea: 
ammonia)combination was used on trial and error basis to produce the CdS film. 
Ammonia and TEA were used as complexing agents this time. SEM images of the CdS 
films deposited from these 2 complexing agents are shown in Fig. 4.21. 
 
                        
                     (a)                                                              (b) 
 
Fig. 4. 21 SEM images of the CdS films deposited from (a) ammonia and (b) TEA. 
 
Clearly CdS film deposited using ammonia showed the presence of pores and obviously, 
the device prepared using this film shorted. CdS film prepared from TEA showed better 
morphology in terms of complete coverage of the electrode (ITO) and on top the 
completely covered film CdS precipitates are present. J-V characteristics of the device 
prepared using this film as acceptor is shown in Fig. 4.22. The obtained power 
conversion efficiency is low probably because this was the first attempt using these 2 
materials together for solar cell application. The device parameters are η(%) = 8.46x10-5, 
Jsc = 2.66x10-3  (mA/cm2) and Voc = 140meV. The obtained efficiency is 2 folds higher 
than the previously reported solar cell based on CdS/polymer bi-layer structure [18]. The 
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higher efficiency in our case was attributed to the Jsc which is 2 folds higher than the 












Fig. 4. 22 J-V characteristics of CdS-PQT-12 bi-layer device. 
 
In addition to the CdS/PQT-12 structure and in order to improve the device efficiency, 
nano-CdS particles were mixed into the pristine PQT-12 solution. It was thought to 
improve the device efficiency in terms of the interfacial area. Nano-particles produced in 
the best condition (10-10-25 (CdCl2:thiourea:ammonia)) were mixed into polymer 
solution. CdS nano-particles were dried separately after collecting from the chemical bath 
and Prstine PQT-12 solution prepared using CB was added to the nano-particles and 
stirred overnight at 40oC. The resulted solution was filtered through 0.22 µm-pore size 
PVDF syringe driven filters (Millipore) and spin-coated the active layers at 2000 
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particles were tried and only 90 wt% CdS nano-particles and 10 wt% polymer blend 
solution showed some photovoltaic effect. J-V characteristics of the blend device 












Fig. 4. 23 J-V characteristics of the device prepared from 90 wt% of CdS nano-
particles in PQT-12.   
 
The device prepared from nano-particles showed better performance compared to the bi-
layer device. The obtained device parameters are η(%) = 1.79x10-3, J sc = 0.009 
(mA/cm2) and Voc = 0.4V. Improved junction area is possibly responsible for the better 
device performance of the nano-particle device. 
In conclusion, we have investigated the use of inorganic acceptor (CdS) as a replacement 
for C70PCBM for bulk heterojunction solar cells based on PQT-12. Better solar cell 
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main reason for this could be the ultra fast electron transfer with in C70PCBM molecules 
compared to CdS [19].  Charge transport was facilitated in case of C70PCBM by this 
(indicated by higher short circuit current densities (Jsc)), which intern improved the 
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4.3 Summary and conclusions 
Effect of thermal annealing on the performance of bulk heterojunction solar cells made 
from blend films of regio-regular poly(3,3’’’-didodecyl quaterthiophene) (PQT-12) with 
(6,6)-phenyl-C71-butyric acid methyl ester (C70PCBM) were studied. Excellent thermal 
stability up to 300oC makes PQT-12 and C70PCBM suitable for terrestrial solar cell 
applications. Highest power conversion after thermal annealing was achieved for 1:2 
composition by weight. Device annealing at 140ºC doubled the power conversion 
efficiency (AM 1.5) of as-fabricated devices to reach 1.40%.  Absorption coefficient 
studies on the 1:2 ratio blend films revealed that there was no significant change in the 
absorption of the blend upon thermal annealing. Increase in the device efficiency upon 
annealing up to 140ºC was understood because of the increased crystallinity in the 
pristine PQT-12 films. Annealing at temperatures higher than 140ºC reduced the power 
conversion efficiency of the devices. From XRD studies, it was understood that increased 
d-spacing between the PQT-12 chains might make charge transport difficult for the 
annealed devices at temperatures higher than 140ºC.  PL studies revealed that increased 
phase separation was also another reason for the lowering of device performance. Effect 
of spinning speed was studied and 2000 rpm was found to be the optimum spinning 
speed. As a part of improving device stability, inorganic acceptor (CdS) was tested in 
place of C70PCBM for the first time in combination with PQT-12 for the application in 
OPV. Since it was used for the first time a detailed study on the device architecture was 
performed. It was found that the growth conditions should be optimized in order to obtain 
photovoltaic behavior. Different complexing agents were used to deposit continuous CdS 
film and TEA gave the best growth conditions. Highest power conversion efficiency of 
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8.46x10E-05% was achieved for our system (CdS/PQT-12) and to our knowledge this is 
the highest power conversion efficiency for the bi-layer device based on CdS/polymer. 
Further increase in the power conversion efficiency was achieved by changing the device 
structure to bulk heterojunction by adding the nano-particles of CdS to PQT-12. It was 
suggested that the increase interfacial area was the main reason for the increase in power 
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Summary and scope for future works 
5.1 Summary 
Regioregular poly(3,3’’’-didodecyl quater thiophene) (PQT-12)  was identified as a 
potential donor candidate for organic solar cell application. PQT-12 and C70PCBM were 
used together, for the first time, to create blend films for application in organic 
photovoltaics (OPV) as photoactive layers. PQT-12 and C70PCBM were identified as 
electron donor and acceptor, respectively, with a compositional dependence (donor to 
acceptor ratio) of the device performance. 1:2 (PQT-12: C70PCBM) wt% ratio was found 
to be the optimum composition ratio. Power conversion efficiency of 0.65% was 
achieved for the as deposited blend films using the composition of 1:2 wt%. The obtained 
efficiency is very promising as initial device power conversion efficiencies were quite 
low (~0.2%) for the most studied system in recent years [1]. But world-wide many 
research groups are working on this. Either very high or very low concentrations of 
C70PCBM in the blend resulted in low power conversion efficiencies.  Absorption 
coefficient studies and photoluminescence (PL) studies were used to understand the 
compositional dependence of the power conversion efficiency. It was found that 
competition between absorption and dissociation of the bound excitons will decide the 
device performance. A higher amount of C70PCBM reduced the absorption and a lower 
amount of C70PCBM suffered from less junction area indicated by increased PL signal 
with decreasing amount of C70PCBM in the blend. Optimum Balance between the 
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absorption and free charge carriers generation at the interface was the primary reason for 
better performance. After optimizing the donor to acceptor ratio, suitable solvent was 
selected. Solvents with different boiling points were tested for this purpose. 
Chlorobenzene (CB) was found to be the best solvent. Absorption coefficient studies on 
the blend films prepared from different solvents revealed that there was disorder induced 
in the PQT-12 chains by C70PCBM when spin coated from solvents other than 
chlorobenzene. The induced disorder (section 3.2.3.2) was mainly responsible for the 
lower power conversion efficiencies of the devices prepared from other investigated 
solvents. Micro and nano- scale morphologies were studied in order to understand the 
solvent effect on power conversion efficiencies. After selecting the suitable composition 
and solvent, effect of thermal annealing was studied in order to optimize the device 
efficiency. Annealing at 140ºC doubled the power conversion efficiency (AM 1.5G) of 
as-fabricated devices to reach 1.40%. Differential scanning calorimetric measurements 
revealed that PQT-12 and C70PCBM were stable up to 300ºC and supported the use of 
these materials for terrestrial applications. Absorption coefficient studies on the blend 
film prepared from 1:2 composition using CB as solvent revealed that there was no 
influence of annealing. Pristine PQT-12 films showed response to the thermal annealing 
but C70PCBM did not show any response to the thermal annealing. PL studies were used 
to understand the efficiency of free charge carrier generation in terms of junction area. It 
was found that phase separation occurs when devices were annealed at higher 
temperatures greater than 140ºC and reduces the efficiency of free charge carrier 
generation in terms of junction area.  XRD studies revealed that crystallinity of PQT-12 
increases upon annealing and responsible for the increase in charge transport when 
 115
                                                                                          Summary and scope for future works 
 
annealed up to 140ºC. Increased d-spacing in PQT-12 chains was identified as one of the 
main reason for decreased power conversion efficiencies for the annealed devices at 
higher temperatures greater than 140ºC. Selection of the suitable spinning speed was also 
performed to complete the device optimization process. Annealed device at 140ºC for 10 
min when spin coated at 2000rpm for 60s from a 1:2 (PQT-12: C70PCBM) wt% solution 
with an overall concentration of 24mg/ml using CB as solvent, obtained best power 
conversion efficiency.  Use of CdS thin films and nano-particles as inorganic acceptor 
was tested and it was found that the use of nano-particles gives better device performance 
compared to the CdS bi-layer devices.  
 
5.2 Scope for future works  
The primary focus of the present thesis was to investigate the use of PQT-12 and 
C70PCBM blends as photo active layers in organic photovoltaics. The obtained efficiency 
of 1.4% is quite high and promising towards future device optimization.  
¾ Since the material combination is used for the first time, further device 
optimizations can be carried out in order to further improve the power conversion 
efficiency.  
¾ Recently, it was shown that solvent annealing [2] could increase the device 
performance significantly. In the present study all the blend films were annealed 
on a hot plate and then quickly removed from the hot plate in the nitrogen 
atmosphere (quenched). Solvent annealing allows slow evaporation of the 
solvents which facilitates better morphology of the active layer.  
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¾ Another important variable that can influence the device performance is solvent 
mixtures [3]. In the present study only single solvent was used at every instance. 
Solvent mixtures like chlorobenzene and chloroform in different ratios can be 
used to study the effect on power conversion efficiency.  
¾ In the present study, the overall concentration of the solution was fixed at 
24mg/ml. Variations in solution concentration affect the thickness of the active 
layer and hence the device performance. Therefore, solution concentration would 
be another parameter to optimize [4]. If thickness or the solvent is changed, all 
other parameters have to be optimized in order to arrive at the condition for best 
performance.  
¾ All the devices in the present study were prepared under nitrogen atmosphere. 
With regard to the stability, organic field effect transistors (OFETs) fabricated 
from PQT-12 have shown a much greater stability in air [5] than corresponding 
devices fabricated from poly(3-hexylthiophene) (P3HT), which has gained 
significant attention in recent years in OPV area. A study on the stability of the 
devices in ambient atmosphere can be carried out. This will facilitate useful 
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